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Abstract
The aim of this study was to modify the pattern of anthocyanin biosynthesis in
dicotyledonous plants, in particular legumes, using four different anthocyanin regulatory
genes and two promoters. The anthocyanin regulatory genes consisted of a matched pair
from maize and a mismatched pair from two dicotyledonous species of plants.
In order to accomplish this aim, a series of vectors were made that enabled
expression of the genes following both transient and stable transformation experiments in
plants. A novel method was devised to overcome the problems associated with the
insertion of multiple chimeric genes into a binary transformation vector. A total of
fourteen intermediate expression plasmids and sbrteen transformation plasmids were
produced.
Microparticle bombardment of monocotyledonous and dicotyledonous cell
suspensions with constructs made for transient expression, confirmed that the coding
regions of various constructs were functional. Microparticle bombardment with the
maize anthocyanin regulatory genes stimulated anthocyanin accumulation when a
member from each myc-type and myb-typc family was delivered with a the particle inflow
gun (PIG) into monocotyledonous cell lines. Microparticle bombardment of
dicotyledonous ceU suspensions with the maize anthocyanin regulatory genes did not
stimulate anthocyanin accumulation. The efficiencies of microparticle bombardment with
two types of microparticle delivery systems, the BioRad and PIG, were compared and it
was determined that the BioRad helium gun was more proficient than the PIG for
transient anthocyanin production in a monocotyledonous ceU suspension. Microparticle
bombardment of maize suspension cultures with the maize anthocyanin regulatory genes
using the BioRad helium gun, provided an understanding of the stoichiometry between
the two families of regulatory genes. Delivering maize anthocyanin regulatory genes into
a cell suspension of Trifolium subterraneum with the BioRad helium gun induced
anthocyanin accumulation in cells. However, the dicotyledonous anthocyanin regulatory
genes did not induce anthocyanin production in any of the cell suspensions assayed with
either delivery system.
Transient expression experiments in whole plant tissues of pea and white clover
confirmed that maize anthocyanin regulatory genes could cause anthocyanin
XV
accumulation in legumes. This was achieved by either co-bombardment of myc and myb
anthocyanin regulatory genes or by a single myc gene complementing an endogenous
anthocyanin regulatory gene. Microparticle bombardment of the maize anthocyanin
regulatory genes displayed tissue specificity in the production of both GUS and
anthocyanin. Microparticle bombardment of various cell suspensions, as well as plant
tissues, with the dicotyledonous anthocyanin regulatory genes did not result in
anthocyanin accumulation.
Tobacco and white clover plants were stably transfonned and regenerated with
fifteen different plasmid constructs containing combinations of anthocyanin regulatory
genes.
In tobacco, the only tissues found to accumulate anthocyanin were the corolla and
the anther filaments of the flowers. Transformation of tobacco with the dicotyledonous
and monocotyledonous myb type anthocyanin regulatory genes on their own had no
visible effect on anthocyanin accumulation. In contrast, transformation of tobacco with
the dicotyledonous and monocotyledonous myc type anthocyanin regulatory genes on
their own enhanced anthocyanin accumulation. The most intense anthocyanin was
observed in the corolla of the tobacco plants transformed with the vector containing both
of the maize anthocyanin regulatory genes B-Peru and Cl, each driven by the 35S
promoter. Tobacco plants that had their anthocyanin enhanced often displayed various
aberrant petal pigmentation patterns, presumably associated with the phenomenon of
'silencing*.
In white clover plants transformed with either the dicotyledonous or
monocotyledonous anthocyanin regulatory genes on their own or in combmation, a large
range of different tissues exhibited enhanced anthocyanin accumulation. One plant,
transformed with the B-Peru gene driven by the 35S promoter, displayed a unique
pattern of anthocyanin accumulation m the leaf. The accumulation of anthocyanin in this
plant was closely associated with the leaf crescent and disappeared in the oldest leaf
stage.
The tobacco and white clover anthocyanin patterns were shown to be heritable.
Plants transformed with both a myb and a myc anthocyanin regulatory gene seemed to
have a much lower transformation efficiency than those transformed with only a myc or a
myb gene. The anthocyanin regulatory genes used in this study had no detectable effect
on tannins or other flavonoids.
*
XVI
This study presents the first evidence of anthocyanin regulatory genes altering
anthocyanin expression in various legummous plants using transient and stable
transformation experiments.
* *.
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CHAPTER 1
CHAPTER 1
GENERAL INTRODUCTION
1.1 Introduction
The phenylpropanoid pathway (Figure 1.1) synthesises many important secondary
metabolites in plants (Stafford, 1990). One of the products of the phenylpropanoid
pathway, anthocyanin, is the most discernible member of the large class of flavonoid
metabolites. Anthocyanins are the red, purple and blue pigments commonly observed in
fmits, flower petals and autumn leaves. Among other fonctions, their purpose is to
attract pollinators, and to aid in the dispersal of seeds and fi-uits. In 1856, the contrasting
colours in pea petals were one of the characteristics that attracted the Austrian monk,
Gregor Mendel, to perform a vast number of experiments establishing the foundations on
which the study of heredity is based. The appeal of being able to visibly analyse
anthocyanin has since been an impetus for conducting studies into the genetics and
biochemistry ofpigment biosynthesis.
Flavonoids have since become a favourite research subject for chemists,
enzymologists and geneticists. Their work has been assisted by the large number of
anthocyanin deficient mutants selected over the years by plant breeders (reviewed by
Martin and Gerats, 1993). These mutants separate into two groups. Those in the first
group are the result of mutations of structural genes coding for enzymes of the pathway.
Those in the second group alter the expression of more than one structural gene, and
have been shown to be the result of regulatory gene mutations (Boss et al., 1996). A
regulatory gene is defined here as a gene that controls gene expression by encoding a
fraw-acting protein, that regulates a gene contaming a c^-acting module (Schwarz-
Sommer and Saedler, 1987). The biosynthesis of anthocyanin is controlled by two
families of regulatory genes which have homology to the mammalian proto-oncogene
transcription factors, Myc and Myb (Paz-Ares et al., 1987; Ludwig et al., 1989;
Goodrich^a/., 1992).
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It has been demonstrated that a gene product from each family is necessary to
coordinately up-regulate structural genes leading to anthocyanin synthesis. In doing so,
the anthocyanin regulatory genes increase levels of the common precursors for both
anthocyanin and proanthocyanidins (PA).
This chapter will review the flavonoid biosynthetic pathway (1.2), structural (1.3)
and regulatory genes influencing anthocyanin biosynthesis (1.4), and other factors
involved in anthocyanin production in the flavonoid pathway (1.5).
2
CHAPTER I
1.2 The flavonoid biosynthetic pathway
The flavonoid biosynthetic pathway produces anthocyanin as well as other compounds.
An understanding of this pathway and its structural genes is integral to this research.
Flavonoid is a general term describing a class of secondary metabolites that are derived
from biosynthesis involving glycolytic, shikimate (or aerogenate) and finally
phenylpropanoid pathways (Figure 1.1). Flavonoids are phenolic compounds composed
of a basic structure of two aromatic rings (A and B rings) held together with a three
carbon chain, the C ring (Figure 1.2; Stafford, 1990). This structure undergoes
modifications forming subclasses on the basis of hydroxylation, methylation, acylation,
glycosylation, prenylation, sulfation or polymerisation to form the diversity offlavonolds
(reviewed by Stafford, 1990).
Over 4000 different flavonoids from many different plant species have been
identified (reviewed Harbome, 1988). These compounds have a wide variety of
functions within the plant (reviewed Dbcon and Lamb, 1990). Some of these diverse
functions include lignin biosynthesis for structural support and defence (Hahlbrock and
Grisbach, 1979), anti-microbial and anti-fungal activity (for example isoflavonoids,
Dbcon et al., 1983), signalling molecules in the rhizosphere (reviewed Rolfe, 1988),
visual signals for animals, insects and U.V. protectants (reviewed Koes et a/., 1994).
Certain flavonoids have also been found to have a beneficial impact on mammalian
biology. Some flavonoids have been used as inhibitors of both the activity and activation
of carcinogens (Deschner et al., 1991), and have anti-viral activity (Vrijsen et al., 1988)
including inhibition offflV infection (Kreis et al., 1990; Li et al., 1993). Additionally,
some flavonoids can be beneficial in preventing circulatory disorders, ageing, cerebral
failure, allergies, inflammations and cardiovascular protection (reviewed Schwitter and
Masquelier, 1995).
1.2.1 Precursors to flavonoid synthesis
The three enzymatic steps, collectively called the general phenylpropanoid pathway,
convert phenylalanine, made by the shikimate/aerogenate pathway, to coumaroyl-CoA
(Figure 1.1). These enzymatic steps begin with phenylalanine ammonia-lyase (PAL),
catalysing the deaminiation of L-phenylalanine to trans-cirma.rmc acid and provide the
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first committed step in the biosynthesis of phenylpropanoid compounds (Dixon et a/.,
1983). Cinnamic acid 4-hydroxylase (C4H) then converts the trans-cmnsamc acid to
4-coumarate (Dbcon et al., 1983). Finally, the enzyme 4-coumarate:CoA ligase (4CL)
converts 4-coumarate to ^p-coumaroyl-CoA (Dixon et al., 1983). The flavonoid
biosynthetic pathway starts when three molecules of malonyl-CoA (derived from the
carboxylation of acetyl CoA) are condensed with one molecule of/?-coumaryol-CoA by
the action of the chalcone synthase enzyme (CHS), to produce the first flavonoid of the
pathway, naringenin chalcone (Stafford, 1990).
1.2.2 The general flavonoid biosynthetic pathway
The general flavonoid biosynthetic pathway conveUs naringenin chalcone to a variety of
different compounds (Figure 1.3). After CHS produces naringenin chalcone, chalcone
isomerase (CHI) catalyses the stereospecific isomerisation of the yellow coloured
naringenin chalcone to colourless naringenin (Stafford, 1990; Holton and Cornish, 1995).
Flavanone 3-hydroxylase (F3H) conveUs naringenin to dihydrokaempferol (DHK). The
hydroxylation of naringenin is not completely specific to the B-ring of naringenin
compounds. This nonspecificity enables the formation of dihydroquercetin (DHQ) by
two pathways and dihydromyricetin (DHM) by three pathways from naringenin (Figure
1.4), which is referred to as a "grid" pattern (Stafford, 1990). It is from these
dihydroflavonol compounds that phlobaphenes, flavones, flavonols, pterocarpans,
proanthocyanidins and anthocyanins are produced.
1.2.3 The anthocyanin biosynthetic pathway
The enzymatic sequence from dihydroflavonol compounds to anthocyanidms is yet to be
fully characterised (Figure 1.4). The steps that involve dihydroflavonol 4-reductase
(DFR) reducing the colourless dihydroflavonols into their respective flavan-3,4-diols
(leucoanthocyanidins) are known (Stafford and Lester, 1984). However, the enzymatic
sequence from leucoanthocyanidins to anthocyanidins is not totally understood. The
sequence involves an oxygenation step, elimination of water and a hydroxyl anion and
glycosylation (Heller and Forkmann, 1988). Stafiford (1990) proposed that these
reactions were catalysed by a tight enzyme called "anthocyanin synthase" (AS; Figures
1.3 and 1.4). This produces the basic structure ofanthocyanin (called a flavylium cation;
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Stafford, 1990). The common 3-hydroxy-anthocyanidms formed are cyanidins,
pelargonidins, and delphinidins (Figure 1.4). It is known that the glycosylation by
UDP-glucose:flavonoid 3-0-glucosyltransferase (UF3GT) of these flavylium cations
must occur in a late stage of the pathway, because neither dihydroflavonols nor
leucoanthocyanidins are glucosylated in the 3 position (Heller and Forkmann, 1988) and
the 3-hydroxy-anthocyanidins are unstable (Stafford, 1990). It has also been shown in
petunia and snapdragon that the 3-0-glycosides can be further modified into
3-(p-coumaroyl)-rutinosido-5 glucoside (Holton and Comish, 1995).
1.2.4 The proanthocyanidin (PA) biosynthetic pathway
The proanthocyanidin (PA) biosynthetic pathway, which shares many of the enzymatic
steps to anthocyanin biosynthesis, has been well characterised to the formation of
catechin in barley and sainfoin (Kristiansen, 1984, 1986; Tanner and Kristiansen, 1993).
Leucoanthocyanidin is converted by leucoanthocyanidin reductase, in an
NADPH-dependant step, into catechin (Figure 1.3; Kristiansen, 1984, 1986; Tanner and
Kristiansen, 1993). The enzymatic synthesis of PA beyond this point remains unclear
(Stafford, 1990; Porter, 1994). It is not known if the chain forming condensing steps
occur enzymaticaUy or non-enzymatically. It has been proposed by Stafford (1990), that
oligomeric PAs occur by extending an "initiating" unit with "extension" units to form a
chain (Figure 1.5).
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Figure 1.1: Entry of metabolites into the general phenylpropanoid pathway. The
enzymes of the pathway are:
1, 3-deoxy-arabinoheptulosonate phosphate synthase;
2, dehydroquinate synthase;
3, dehydroquinate dehydratase;
4, shikimate dehydrogenase;
5, shikimate kinase;
6, enolpyruvylshikimate phosphate synthase;
7, chorismate synthase;
8, chorismate mutase;
9, prephenate aminotransferase;
10, arogenate dehydratase;
11, phenylalanine ammonia-lyase;
12, cinnamate 4-hydroxylase;
13, /?-coumarate:CoA ligase;
14, chalcone synthase. (Modified fi-om Hrazdina, 1992, p 63).
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Figure 1.2: The basic ring structure ofaflavonoid (or flavylium cation). (Modified from
Stafford, 1990, p 2).
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Figure 1.3: A simplified diagram of the general flavonoid biosynthetic pathway. This
diagram shows some of the biosynthetic end points pertinent to this study. Enzymes
catalysing some key reactions are indicated by:
PAL, phenylalanine ammonia-lyase;
C4H, cinnamic acid 4-hydroxylase;
4CL, 4-coumarate:CoA ligase;
CHS, chalcone synthase;
Cffl, chalcone isomerase;
F3H, flavanone 3-hydroxylase;
FLS, flavonol synthase;
DFR, dihydroflavonol reductase;
AS, anthocyanin synthase;
UF3GT, UDP-glucose:flavonoid 3-0-glucosyltransferase;
LAR, leucoanthocyanidin reductase. (Modified fi-om Koes etaL,1994,p 124).
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Figure 1.4: The formation of the common 3-hydroxy-anthocyanins from the different
dihydroflavonol compounds. Enzymes catalysing the reactions are indicated by:
F3'H, flavonoid 3'-hydroxylase;
F3'5'H, flavonoid 3',5'-hydroxylase;
DFR, dihydroflavonol reductase;
AS, anthocyanin synthase;
UF3GT, UDP-gIucose:flavonoid 3-0-glucosyltransferase. (Modified from
Holton and Cornish, 1995, p 1072).
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Figure 1.5: Proposed steps from leucoanthocyanidms to proanthocyanidms. Enzymes
catalysing anthocyanin synthase (AS) and UDP-glucose:flavonoid
3-0-glucosyltransferase (UF3GT) are indicated. (Modified from Stafford, 1990, pp 66
and 80).
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1.3 Structural genes in anthocyanin synthesis
The aesthetic value of anthocyanin pigments has led to a large colour spectrum of
flowers through selection and crossing experiments by plant breeders. The vast
knowledge that has been collected on defined genotypes from these experiments, has
proven valuable for correlating a single gene with a particular enzyme (Forkmann, 1994).
A structural gene controls a single enzymatic step for either the biosynthesis of different
flavonoid classes, or a step that modifies flavonoids. The genes in the flavonoid pathway
that control single enzymatic steps (Figure 1.3) for the biosynthesis of different flavonoid
classes are CHS, CHI, F3H, DFR and AS. The genes in the flavonoid pathway that
control single enzymatic steps that modify flavonoids encode flavonoid 3'- and
5'-hydroxylases, anthocyanin glycosyltransferases (encoded by the UF3GT gene),
anthocyanin methyltransferases, anthocyanin acyltransferases and anthocyanin
rhamnosyltransferases.
These different structural genes have been cloned from many plant species.
Certain structural genes, like CHS, form a multigene family. In these multigene families,
different members have been shown to be induced by exposure to various stimuli.
However, only certain members are induced when anthocyanin is produced. This section
will summarise the structural genes from different plant species that are induced when
anthocyanin is produced.
1.3.1 Chalcone synthase (CHS)
CHS genes have been isolated from a number of plants, but their role in anthocyanin
production is not clear. Plants from which CHS genes have been cloned include Peiunia
hybrida (Reifef a/., 1985), Phaseolus vulgaris (Ryder et al., 1987), Pisum sativum (An
etal., 1993), and Trifolium subterraneum (Arioli etal., 1994, Howles era/, 1995). The
first CHS gene involved in anthocyanin biosynthesis to be isolated was from the nivea
locus ofAntirrhinum majus flowers (Spribille and Forkmann, 1982). This was isolated
by hybridisation to the parsley CHS clone (Wienand et al., 1982; Sommer and Saedler,
1986). Subsequently, the Zea mays CHS gene Colourless aleurone-2 (C2\ which is
only expressed in the aleurone layer of the seed, was isolated by transposon tagging and
homology to the parsley CHS clone (Dooner, 1983; Wienand et aL, 1986). Another Zea
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mays CHS gene, Whp, which is expressed throughout the rest of the plant, was isolated
by virtue of its homology to C2 (Coe et at, 1981; Franken et a/., 1991). Two CHS
genes from Lycopersicon esculentum, TCHS1 and TCHS2 which are both expressed in
hypocotyls, were found by screening a tomato cDNA library with a petunia CHS cDNA
(Rick, 1987; O'Neil et at, 1990). Lastly, an Ardbidopsis thaliana CHS gene, expressed
in flowers and seeds, was isolated by molecular cloning and restriction fragment length
polymorphism (RFLP; Chang et a/., 1988). This gene was later found to correspond to
the A tha!iciwiTT4 locus (Meyerovntzetal., 1990).
1.3.2 Chalcone isomerase (CHI)
The first CHI gene to be isolated and linked to anthocyanin production was chi\ gene
from the Po locus of Petunia hybrida (Forkmann and Kuhn, 1979; van Weely et a/.,
1983; van Tunen et al., 1991). It was detected with Cffl purified antiserum and
subsequently isolated and characterised (van Tunen and Mol, 1987; van Tunen et al.,
1988; van Tunen et a/., 1991). Previously cloned CHI genes were then used to make
complementary polymerase chain reaction (PCR) primers to conserved CHI sequences,
and putative Antirrhinum majus (Martin et al., 1991), Arabidopsis thaliana (Shirley et
a/., 1992) and Zea mays (Grotewold and Peterson, 1994) CHI genes were isolated and
characterised.
1.3.3 Flavanone 3-hydroxylase (F3H)
The petunia F3H enzyme, encoded by the An3 locus (Froemel et al., 1985), was purified
(Britsch and Grisebach, 1986), characterised (Britsch, 1990) and a cDNA isolated from
petals based on the protein sequence of the purified enzyme (Britsch et al., 1992). The
cDNA clone corresponding to the incolourata locus in Antirrhinum majus was isolated
by differential screening and genetic mappmg (Martin et a/., 1991). The petunia and
A. majus sequences were shown to have high sequence homology (Britsch et a/., 1993).
The F3H cDNAs from China aster and camation were then isolated using the petunia
F3H cDNA as a heterologous probe (Britsch etal., 1993).
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1.3.4 Flavonoid3fand3\ 5f-hydroxylases (F3fH and F3t5'H)
Genes encoding flavonoid 3'-hydroxylase (F3tH) have not yet been isolated. However,
F31H enzyme activity, which catalyses the hydroxylation of dihydrokaempferol in the 3
position, has been linked to genetic loci. In petunia Htl, which acts in the corolla limb
and tube, and Ht2, which only acts in the corolla tube, have been linked to F3fH enzyme
activity (Wiering, 1974). F3TI activity is controlled by the eosina locus in Antirrhinum
majus (Forkmann and Stotz, 1981), and in maize by the Pylocus(Coe^a/., 1988).
Flavonoid 3f, 5'-hydroxylases (F315'H) enzyme activity is encoded by two genetic
loci, Hfl and Hf2 in petunia (Wiering, 1974). Hfl acts in the corolla, stigma, and pollen
whereas Hf2 acts only in the corolla. Since the F3'5tH enzyme belongs to the
cytochrome P-450 superfamily, degenerate oligonucleotide primers were able to be
designed around areas of sequence conservation (Holten et al., 1993 a). Subsequently,
the isolation and characterisation of two cDNA clones corresponding to the Hfl and Hf2
loci using PCR amplification, RFLP mapping and complementation of mutant petunia
lines was enabled.
1.3.5 Dihydroflavonol 4-reductase (DFR)
The DFR gene in maize, Anthocyaninless-1 (Al\ was isolated by transposon tagging
using the Spm/En element (O'Reilly et al., 1985) and characterised by in vitro translation
ofthe^7cDNAclone(Reddye/a/., 1987). A DFR cDNA clone from barley, located at
the antl8 locus, was isolated using the Al gene from maize as a complementary probe
(Kristiansen and Rohde, 1991). Thepallida locus ofAntirrhmum majus was shown to
code for DFR activity using substrate feeding experiments in mutant lines (Almeida et
a/., 1989). The gene was isolated by transposon tagging using the Tam3 element
(Martin et a/., 1985). The A. majus clone was used to isolate three homologous DFR
clones from petunia, dfrA, dfrB and dfrC (Bold et al., 1989; Huits et al., 1994). Only
dfrA and dfrC have been shown to be mvolved in anthocyanin production. The dfrA
gene was shown to correspond to the An6 locus using RFLP mapping (Beld et at, 1989;
Huits et a/., 1994), while the dfrC gene was shown to corresponds to the Anl locus by
using transposon tagging (Gerats et at, 1990). A DFR cDNA clone has been isolated
from rose using the dfrA gene from petunia as a probe (Tanaka et al., 1995).
13
CHAPTER 1
1.3.6 Anthocyanidin synthase (AS)
In maize, a mutation of the A2 gene blocks the enzymatic conversion of
leucoanthocyanidins to anthocyanidins (Reddy and Coe, 1962). The A2 gene was
isolated by transposon tagging using the En/Spm elements (Menssen et al., 1990). The
Antirrhtnum majus gene, Candica, is also thought to be involved the enzymatic
conversion of leucoanthocyanidins to anthocyanidins (Bartlett, 1989). The Ccmdica
gene was isolated usmg difFerential screening (Martin et a/., 1991) and proved to be
homologous to the A2 gene of maize. The amino acid sequence from the product of the
crntl? gene from petunia (Weiss et ai, 1993) has close sequence homology to the A2 and
Candica genes and is likely that they are all involved with the same enzymatic activity
(Holton and Cornish, 1995).
1.3.7 UDPGflavonoid:3'0-glycosyltransferases (UF3GT)
In maize UDPG fiavonoid:3-0-glycosyltransferase (UF3GT) is encoded by the bronze
locus (Bzl) which was cloned by Ac transposon tagging (FedderofF et at, 1984) and
characterised by Dooner et at (1985). Expression of the Bzl gene has been studied in
detail by microparticle bombardment (Klein et a/., 1989; Goffet al., 1990). A putative
UF3GT clone was isolated by Martin ef al. (1991) from Antirrhinum majus and
confirmed by expression mLisianthus by Schwinn etal. (1993).
1.3.8 Other structural genes involved in enzymatic modifications
The rhamnosylation of anthocyanidin 3-glucosides by UDP rhamanose:anthocyanidin-3-
glucoside rhamnosyltransferase (3RT) in petunia has been mapped to the the Rt locus
(Brugliera et a/., 1994; Kroon et al., 1994). This 3RT gene was cloned and
characterised by differential screening and genetic mapping (Brugliera et aL, 1994;
Kroone/a/., 1994).
Anthocyanins m petunia flowers can be glucosylated at the 5 position by
anthocyanin 5-0-glucosyltransferase (5GT). The locus that encodes 5GT activity m
petunia is still under scrutiny and has not yet been cloned. The 5GT enzyme was thought
to be encoded by the Gf gene, based on analysis ofCymutants (Wiering and de Vlaming,
1973). However, further analysis by Jonsson et cd. (1984) showed that 5GT activity was
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controlled by the regulatory gene An] as pan of its regulation of other anthocyanin
structural genes, not by Gf. Holton and Cornish (1995) suggest that the Cyiocus is more
likely to encode an anthocyanin acyltransferase enzyme.
Anthocyanin can be methylated at the 3' position and/or at the 3',5' positions. The
Mil and Mil loci in petunia control methylation at the 3' position, while the Mfl and
Mf2 loci control methylation at the 3' and 3', 5' positions (Wiering, 1974; Jonsson et ai,
1983). A putative anthocyanin-0-methyltransferase gene from petunia has been isolated
but not yet characterised to its genetic locus (Quattrocchio et al., 1993).
L3.9 Other genes pertinent to anthocyanin biosynthesis
Bronze2 (Bz2) was shown to be one of the last genes involved in the maize anthocyamn
biosynthetic pathway by the use of complementation studies by Reddy and Coe (1962)
and McConnick and Coe (1977). The Bz2 sequence was tagged and cloned by Theres et
at (1987), and by differential screening and transposon tagging by McLaughlin and
Walbot (1987). Schmitz and Theres (1992) showed that the Bz2 polypeptide shares
homology with stress related proteins including glutathione 5-transferase (GST). It was
later positively identified as a GST involved m vacuolar transport of anthocyanin (Marrs
et ai, 1995; Bodeau and Walbot, 1996). A gene corresponding to the Anl3 locus in
petunia with homology to GST has also been identified (Quattrocchio et a/., 1993).
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1.4 Anthocyanin regulatory genes
Regulation of anthocyanin structural genes occurs predominantly at the transcriptional
level (Avila et at, 1993). Regulatory genes, whose primary role is to control the rate of
structural gene expression with respect to environmental and developmental parameters
(Schwarz-Sommer and Saedler, 1987; Forkmann, 1994), control transcription through
regulatory proteins. These regulatory proteins interact with specific DNA sequences and
other transcriptional factors to induce, enhance or repress structural gene expression
(Dooner, 1983). Transcriptional activation of the structural genes involved in
anthocyanin biosynthesis is a major factor in regulating enzyme levels and hence
anthocyanin accumulation (Wingender et al., 1989). Regulation ensures that the limited
supply of resources available to the plant are used efficiently (Stafford, 1990).
Some anthocyanin regulatory genes are reported to have effects limited to the CHS
structural gene step, such as in Pisum sativum (Harker et al., 1990) and Lycopersicon
esculentum (O'Neil et al., 1990). This discussion will focus on genes that positively
effect two or more structural genes in the anthocyanin pathway. Genes regulating
anthocyanin transcription have been identified in several plant species. Most show
functional homology to two classes of mammalian transcription factors, Myc and Myb.
Some are yet to be characterised. As this project uses anthocyanin regulatory genes of
the Myb and Myc classes to manipulate anthocyanin biosynthesis in various plant species
and tissues, these regulatory genes and theu- interactions wUl be reviewed in detail in the
following section.
1.4.1 AfyA-related regulatory genes
Most members of this my^-related group contain two conserved characteristics, a DNA
binding domain and a leucine zipper motif (Figure 1.6).
The Myb DNA binding domain was originally described for the c-myb
proto-oncogene (Klempnauer et al., 1982; Biedenkapp et al., 1988). This conserved
domain, composed of imperfect repeats, at the amino terminal end of the protein, is
present in proteins from species including human (Nomura et al., 1988), Drosophila
(Katzen et al., 1985), Xenopus (Amaravadi and King, 1994) and yeast (Tice-Baldwin et
al., 1989) and is the protein domain that binds to the DNA in each instance (Wienand et
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al., 1989; Luscher and Eiseman, 1990; Howe and Watson, 1991). The consensus
binding sequence of the DNA bindmg domain is 5" T/CAACG/TG 3' in animals
(Biedenkapp et cd., 1988) and 5' CCT/AACC 3' in plants CPaz-Ares et at, 1990;
Grotewolde/a/., 1991).
The carboxyl terminus of the protein has an acidic amphipathic a-helix leucine
zipper motif (Figure 1.6; Biedenkapp etal., 1988). This structure has a hydrophobic and
a hydrophilic region. This leucme zipper motif has been shown to act as a transcriptional
activator when fused to a heterologous DNA binding domain or as part of the intact
c-Myb protein (Figure 1.6; Weston and Bishop, 1989; Sakura et at., 1989). These
putative recognition helicies are highly conserved suggesting a sinularity of their binding
sites (Avila etal., 1993).
There is a large number of myA-related genes which have been molecularly
characterised in plants but whose physiological function is only partially understood.
Myb-\ske genes have been found in Hordeum vulgare (Marocco et a/., 1989; Rohde et
al., 1991), Arabidopsis thaliana (Shinozaki et at., 1992; Urao et a/., 1993, 1996),
tomato (Un et al^ 1996), the resurrection plant Craterostigma plantagineum (Iturriga et
a/., 1996), Antirrhinum majus (Jackson et al., 1991) and from the moss Physcomitrella
patensfLeechetal., 1993).
There are four characterised myA-related genes from plants whose physiological
function is unrelated to anthocyanin production. These are: the Gil gene from
A. thaUana involved in trichome differentiation (Koorrmeefet al., 1982; Oppenheimer et
al., 1991); the Mixta gene from A. majus which is mvolved in changing the shape of
epidermal cells in petals (Noda et a/., 1994); the P gene from Z m^ which, unlike the
Cl gene, independently regulates the genes in the pathway for the production of a
phlobaphene pigment (Grotewold et at, 1991; Grotewold et al., 1994; Tuerck and
Fromm, 1994); and the GAmyb gene from barley that is part of the gibberellic
acid-response pathway leading to a-amylase gene expression in aleurone cells (Gubler et
a/., 1995).
There are five wyA-related genes that have been shown to positively regulate
anthocyanin biosynthesis, two from Z mays, two from A. majus cmd one from petunia.
The coloured aleurone (C7) locus of Z mays has a number of allelic forms. To date
only the wUd type Cl (Cone et a/., 1986; Paz-Ares et ai, 1986) and C-I, a dominant
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inhibitor (Jayaram and Reddy, 1990; Paz-Ares et a/., 1990; Goffet ai, 1991), have been
analysed at the genetic and molecular level. In this section, the wild type gene Cl win be
reviewed in detail. The Cl gene regulates the synthesis of anthocyanm in the aleurone
and scutellum of the maize kernel (Coe and Nuffer, 1977; Paz-Ares et al., 1987). It was
isolated using a transposon tagging strategy that produced a Cl mutant with a variegated
pericarp (Cone et ai, 1986; Paz-Ares et al., 1986). It has been shown, through transient
expression experiments, to be involved in the coordinate activation of at least the
structural genes C2 for CHS, Al for DFR and Bzl for UF3GT (Dooner, 1983; Cone et
a/., 1986; Wienand et al., 1986; Schwarz-Sommer and Saedler, 1987; Reddy et al.,
1987; Roth et al., 1991). The Cl gene may however activate aU the genes required for
anthocyanin synthesis. The Cl gene encodes a protein of 273 ammo acids in length
containing an amino terminal region with homology to the Myb DNA bindmg domain
(Figure 1.6; Paz-Ares et al., 1987). The Cl protein also contains an acidic carboxyl
tenninus that forms an amphipathic a-helical structure (Figure 1.6; Paz-Ares et al.,
1987) which has been shown to directly activate transcription of anthocyanin structural
genes by Goff et at. (1990). They showed that Cl is required for luciferase production
for a chimeric luctferase reporter gene under the control of the anthocyanin structural
gene Bzl promoter (Goff et al., 1990). This domain is also functionally exchangeable
with the acidic domain of the yeast GALA protein which emphasises the resemblance of
Cl to other eucaryotic transcription factors (Goff et al., 1991). AdditionaUy, extensive
mutagenesis of the domain has identified single hydrophobic and acidic amino acids that
were important for trancriptional activation (Sainz et al., 1997). The Cl gene is also
regulated by the Viviparous-1 gene, abscisic acid and light (McCarty et at, 1989; Hattori
etal., 1992; Kwetai, 1996).
The maize Pl allele controls light dependence of anthocyanin formation in plants in
most of the plant body (Gerats et al., 1984). It has been shown to be involved in the
activation of at least the same three structural genes in the anthocyanin pathway as the
Cl gene (Cone et ai, 1993a). Pl and Cl have been shown to produce proteins that are
90% similar and that perform identical functions (Cone et at, 1993a, 1993b). Direct
sunlight is required for anthocyanin formation in the presence of the recessive allele of
Pl, whereas the dominant aUele is not only less light dependant, but also conditions a
more intense accumulation of anthocyanin (Cone and Burr, 1989). The light dependant
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pigmentation seen in plants with the Pl allele is the result of a threshold effect in which
light exposure boosts Pl mKNA expression past a critical level necessary to generate
sufficient Pl molecules to activate transcription of the structural genes (Cone et a!.,
1993b).
Quattrocchio et al. (1993) has reported some Anthocycmin (An) genes from
petunia that control sub-sets of structural genes and suggests that one of these genes,
AnU, encodes a transcription factor homologous to Cl. Additionally, they show that
this factor regulates the induction of anthocyanin biosynthetic genes including and
downstream of the DFR gene in the anthocyanin biosynthetic pathway. Quattrocchio et
at (1993) has not yet isolated the Anll sequence. Avila et al. (1993), however, has
isolated three genes, myb.Phl, myb.Ph2 and myb.Ph3, which are related to the Cl gene,
but are not characterised. It is possible that one of these genes may be the Anll
sequence.
Myb305 and Myb340 genes were isolated from A. majus by homology to the myb
encoded DNA binding domain (Jackson et a/., 1991). The Myb305 gene activated
transcription of the structural genes PAL, CHI and F3H in petals (Sablowski et at, 1994;
Moyano et al., 1996). The second transcnptional activator Myb340 is structurally
similar and shows the same specificity in gene activation as Myb305 (Moyano et al.,
1996). However, Myb340 shows less binding to target promoters and stronger
transcriptional activation than Myb305 (Moyano et at, 1996). This means that the
Myb305 can compete with the Myb340 to reduce its effective transcriptional activation
when both factors are expressed in the same cell. This redundancy in function is
postulated to provide a gearing that adjusts the rate of induction of flavonoid
biosynthesis(Moyanoe/a/., 1996).
The number of known plant myb genes is expanding. The duplication of
myA-related genes seems to have allowed detailed specialisation in function throughout
the plant (Moyano et al., 1996). However, there have been fewer myc-related genes
identified in plants, but the duplication of myc-related genes is also important in
specialisation of function.
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Figure 1.6: Structural features of the proteins encoded by representatives of the myb and
myc anthocyanin regulatory genes. The Myb Cl protein, at the top, shows the two Myb
repeats at the amino termmal end that bind to the 5' CCT/AACC 3' region ofanthocyanin
structural genes. The Myc B-Peru protein, at the bottom, shows the amino terminal end
that interacts with the Myb type proteins. The carboxyl end of this protein contains the
basic HeUx-Loop-Helix motif which is required for DNA binding and both homo and
heterodimerisation. The proteins are drawn to scale.
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1.4.2 Afyc-related regulatory genes
The ynyc-related regulatory genes are identified by two features (Figure 1.6). A basic
Helbc-Loop-Helix (b-HLH) motif which was identified in L-myc oncogenes (DePinho ef
at, 1987), myoblast determination factor (Myo-Dl; Davis et al., 1987), several
Drosophila proteins (Gaudy et a/., 1987; vmares and Cabrera, 1987) and the human
B-ceU protein E12 (Murre et a/., 1989a). This protein motif is required for DNA binding
and both homodimerisation and heterodimerisation (Figure 1.6; Murre et a/., 1989a,
1989b; Davis et a/., 1990). The consensus binding site is 5' G/TGCAGOTGG/T 3' (Sen
and Baltimore, 1986) and is found in both plant and animal Myc regulated promoters.
The other feature is an acidic domain, which is characteristic of known transcriptional
activators (Figure 1.6; Ptashne, 1988; van der Meer et a/., 1993).
There are only four species of plants from which m>/c-related regulatory genes have
been identified. These are Zea mays, Antirrhinum majus, Petunia hybrida and
Arabichpsis thalicma. In most cases these genes have been shown to regulate the
expression of the anthocyanin pathway (reviewed Dooner et a/., 1991; van der Meer et
al., 1993) and in some cases have effects on other end pomts.
In Z mays the myc-related regulatory genes are termed the R gene family. The R
gene family is comprised of two duplicate loci on two different chromosomes, the R
locus and the B locus (Styles et aL, 1973; Gerats et al., 1984). The R locus, located on
chromosome 10, is complex in composition and generally controls the pigmentation of
the aleurone, anthers and coleoptiles (Styles et al., 1973). Within this region is the R-r
locus, comprised of two independently mutating, but tightly linked genes (S for seed and
P for £lant colour; Stadler and NufFer, 1953; Dellaporta et at, 1988; Robbins et at,
1991; Walker et al., 1995) that function in different tissues. Two map units distal from
this locus are more members of this family, called Lc and Sn, that show a tissue specific
pattern different from that of P and .S' (Dooner and Kermicle, 1976; Gavazzi et at, 1986,
1990). The B locus, located on chromosome 2, is mvolved in the pigmentation of the
leaves, sheaths and tassels (Styles et at., 1973). The B locus is simple, composed of two
members, B-I and B-Peru^ that have separate patterns of pigmentation to each other and
to the genes of the R locus (Styles et al., 1973). There is a large collection of plants with
natural variations in pigmentation arising from the expression of one or more of the R
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gene family. This reflects the diversity of this family (Styles et at, 1973; Ludwig and
Wessler 1990).
The first myc-related gene cloned, R-Navaho (R-Nf), was isolated by transposon
tagging (Dellaporta et al., 1988). Homology between R locus members led to
subsequent isolation of three additional cDNAs, Lc (Ludwig et al., 1989), the S
component (R-S; Perrot and Cone, 1989) and Sn (Tonelli etal., 1991). Two members of
the B locus were also isolated by homology to the R-nj cDNA. First the B-peru genomic
clone (Chandler et a/., 1989), and its cDNA (RadiceUa et al., 1991), and then the B-I
(Radicella et a/., 1992) gene were characterised. All of these cloned R genes have been
shown to be involved in the activation of at least the structural genes encoding CHS,
DFR and UF3GT (Chandler et al., 1989; Ludwig et a/., 1989, 1990; Perrot and Cone,
1989;Tonelli^/., 1991;Radicellae^/.. 1992).
Comparisons of the protein structure and sequences of these clones has facilitated
theories on their evolution and reasons for their tissue specificity. The sequence analyses
of the R clones shows that they have very high homology to each other and all encode
the b-HLH and acidic domain (Figure 1.6; Ludwig et at, 1989; Perrot and Cone, 1989;
Consonni et a/., 1992, 1993). The B genes show less homology to the R genes, yet high
homology to each other (Radicella et a/., 1991, 1992). The R genes appear to have
arisen from a single ancestral gene by duplication and divergence, and the B genes by
chromosomal duplication and divergence (Robbins et at, 1989; Robbins et a/., 1991;
Walker et a/., 1995). Purugganan and Wessler (1994) proposed that the members of the
R gene family evolved by rapid diversification of their stmcture outside the core
domains, which creates difFerent functions. However, transient expression analysis by
Ludwig et at (1990) and Goffet al. (1990) showed that when the cDNAs were attached
to a constitutive promoter, the gene products were functionally equivalent. A
comparison of the 5' regions of the £ clones indicates that the different spatial and
temporal pigmentation patterns observed results from differential expression of the
regulatory gene rather than differential protein function (Chandler et a/., 1989; Ludwig et
al., 1989, 1990; Perrot and Cone, 1989; Goffetal., 1990; ToneUi etal., 1991; Radicella
et a/., 1992). The exact mechanism to account for tissue specificity is not yet known.
Consonni etal. (1993) suggested that the promoter was responsible for tissue specificity
and a comparison of promoter sequences, as well as dissection of controlling regions,
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should aid in the elucidation of the mechanism for tissue specificity. Repressive
translational control of Sn and Lc is mediated by small open reading frames upstream of
the coding sequence (Consonni et ai, 1993; Damiani and Wessler, 1993). It is proposed
that the translational control does not contribute to tissue specificity but instead prevents
potentially detrimental over expression (Consonni et al., 1993; Damiani and Wessler,
1993; Quattrocchio etal., 1993).
The Delila gene from A. majus was isolated by transposon tagging and shows
extensive homology to the products of the R gene family (Goodrich et al., 1992). Delila
is the only dicotyledonous gene isolated that affects anthocyanin biosynthesis and has
homology to the myc-related genes. In contrast to the maize wryc-related genes, Delila
affects F3H.DFR, Candi and W.3GT (Martin etal., 1991), but not CHS expression.
A gene from P. hybrida, An4, is thought to encode a transcription factor
homologous to Lc (Quattrocchio et al., 1993). Additionally this gene, like the Delila
gene, regulates the lower part of the pathway, below DFR.
Finally, the stable transformation of A. thaliana with the R gene from maize, and
under the control of the cauliflower mosaic virus 35S promoter (35S), not only increased
anthocyanin accumulation but augmented trichome production. This suggested that the
transparent testa glabra (ttg) gene, linked to trichome development, was a possible myc
homologue (Lloyd c? ai, 1992).
1.4.3 Regulatory gene interactions
One section of this project examines the optimal stoichiometry of anthocyanin regulatory
genes for anthocyanin production. Therefore the interactions of these two classes of
regulatory genes will be reviewed. Experiments exploring the transactivation of
anthocyanin structural genes have focused on the more intensely studied maize genes.
Transient assays showed that mteraction between a member from the myc-related (for
example B-Pem) proteins and the myb-related proteins (for example Cl) is required for
the activation of structural genes for anthocyanin production (Goff et ai, 1990; Bodeau
and Walbot, 1992). Bodeau and Walbot (1992) compared Al {DFR\ Bzl (UF3GT) and
Bz2 (G5T) promoters with reporter gene fusions and all three were strongly induced by
the introduction of both Cl and B-Peru mto maize protoplasts. The activity induced
from each promoter was quantitatively different. It was postulated that while
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qualitatively all three promoters may be coordinately controlled, quantitative regulatory
differences may exist. The identification ofMyb and Myc DNA binding sites in the Bzl
(UF3GT) gene promoter gave an indication of the mechanism of structural gene
regulation (Roth et a/.. 1991). Mutagenesis of the b-HLH binding site in a Bzl
promoter-luciferase construct reduced luciferase levels 30-fold, while alteration of the
Myb (Cl) binding sites in the promoter only reduced it 2-fold (Goff et a/., 1990). In
contrast to this result, transient assays in maize and yeast demonstrated that the b-HLH
domain ofB-Peru and most of its carboxyl tenninus could be deleted with only a partial
loss of function (Goff et al., 1992). However, small deletions in the amino-tenninal
coding sequence resulted in no frmy-activation (GofF et a/., 1992). Fusion constructs
encodmg the DNA-binding domam of yeast GAL4 and portions of the B-Peru gene,
controlled by a minimal 3 5 S promoter, failed to locate a transcriptional activation domain
(an acidic amphipathic a-helbc leucine zipper motif) in the B-Pem protein (GofF et at,
1992). However, these experiments revealed that the amino-terminal domain of the
B-Peru protein recruited a transcriptional activation domain by interacting with the Cl
protein (Figure 1.6; Goff et a/., 1992). Transcriptional activation is mediated by the
acidic domain at the carboxyl-terminus of Cl (Figure 1.6; GofF st al., 1991). The
activation domain of C I does not require a Myc protein for it to function, but
transactivation of anthocyanin will not occur unless a member from each family is
expressed (Goffetal., 1991). The Cl activation domain is remarkably tolerant ofamino
acid substitutions suggesting that the a-helbc is not required for activation (Sainz et aL,
1997). However, changes in the hydrophobic amino acid leucine 253 and the amino acid
aspartate 262 resulted in dramatic reductions of transcnptional activation (Sainz et aL,
1997). The discovery that the Al (DFR) promoter contains two myA-like DNA binding
consensus sites but no b-HLH-like consensus sites strongly suggests that the b-HLH
region in Myc proteins may not be essential for function (Figure 1.6; Tuerck and Fromm,
1994). The formation of the B-Peru/Cl complex increases the specificity and/or affinity
of the binding domains located on each protein for the promoter (Gk>ff et al., 1992).
Goff et cd. (1992) proposed that the regulation of anthocyanin structural genes may
exhibit differential dependence on specific properties of the two classes oftranscriptional
.
activators.
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1.4.4 Anthocyanin regulatory gene effects other plant processes
Some of the genes that control anthocyanin biosynthesis have also been shown to modify
other plant processes. These effects are examined in Chapter 5. A number of examples
of these effects have been documented. The crinkled leaf (Clf) gene from Zea mays, in
addition to crinkling leaves, also has a regulatory effect on anthocyanin biosynthesis by
reducing CHS and UF3GT levels (Dooner and Nelson 1979; McCarty et al., 1989).
Another gene from Z mays, the Vpl gene is involved in regulating the Cl gene as well
as being associated with a general failure in the maturation process of the seed and
enzyme deficiencies in the aleurone (Dooner, 1985). The R gene has been shown not
only to increase the accumulation of anthocyanin in Arabidopsis thaliana, but also the
number oftrichomes (Lloyd et al., 1992). The expression of the R gene in Arabidopsis
plants showed the effect of developing two to five times more trichomes on their leaves
than on wild type plants. The maize anthocyanin regulatory gene Sn has been used to
transform Lotus comiculatus (F Damiani, F Paolocci, PD Cluster, S Arconi, GJ Tanner,
RG Joeseph, YG Li, J de Majnik and PJ Larkin, unpublished). This produced no effect
on anthocyanin levels. However, proanthocyanidin (PA) patterns and levels were
altered, being dramatically reduced in leaves and increased in roots possibly through co-
suppression and activation respectively. Finally, Quattrocchio et al. (1993) showed that
the transformation of petunia with the anthocyanin regulatory gene Lc, inhibited the
regenerative ability of developing petunia plants, suggesting an effect on growth and
development pathways.
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1.5 Other factors influencing anthocyanin biosynthesis
In chapters 3, 4 and 5 modification of anthocyanin production is examined by using
anthocyanin regulatory genes. However, even though constitutive promoters are used in
this study, anthocyanin accumulation is still restricted. In chapter 5, clover and tobacco
plants transformed with the anthocyanin regulatory genes are variable m their pattern of
anthocyanin expression. This variability could be the result of external or mtemal factors
interacting with the introduced regulatory genes. It has been shown that a number of
factors can alter anthocyanin biosynthesis. In altering anthocyanin biosynthesis,
anthocyanin regulatory genes may have also been affected. This section reviews a
number of different factors that influence anthocyanin biosynthesis.
Anthocyanin production occurs during normal developmental processes, such as
flower colouration, senescence, or in response to a stimulus, such as light. The wide
variety of pigment phenotypes may be attributed to the fact that the alteration of
anthocyanin concentration has no deleterious effect on plant growth or development.
This section will review the effect various factors have on the synthesis ofanthocyanins.
1.5.1 Response to the physical environment
a) Irradiation
Beggs et al. (1987) proposed that increased anthocyanins may act as a sun screen,
reducing the mtensity of the UV-light reaching photosynthetic cells. However, Lois and
Buchanan (1994) showed that a mutagenised Arabidopsis thaliana plant that lacked leaf
flavonoids and UV-inducible flavonoid synthesis, but contained normal levels of
anthocyanin, suffered from the effects of UV uradiation. They showed that protection
from UV was most due to fiavonols such as kaempferol, rather than anthocyanms.
However, the question of the exact purpose ofanthocyanin induction by light has not yet
been resolved.
Photoregulation of anthpcyanin is one of the most studied aspects of anthocyanin
biosynthesis (reviewed MancinelU, 1985). For example, m roselle (Hibiscus sabdariffa)
callus, cultures grown in white light showed a 3-fold increase in anthocyanin
accumulation as compared to those grown in the dark (Mizukami et al., 1989). Takeda
(1990) also showed that light was important for increased anthocyanin production in
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carrot ceU suspensions. In petunia leaves anthocyanins were accumulated only in
response to high Ught levels (BrugUera et al., 1994). Taylor and Briggs (1990) showed
that white light-mediated anthocyanin biosynthesis in maize seedlings is regulated solely
by the R gene. The Cl gene is not light dependant (Scheffler et al., 1994). The Pl aUele
in maize is also under the control of light (Cone et al., 1993b) and has been discussed in
section 1.4.1.
Two photo-receptors have been implicated m anthocyanin photoregulation;
phytochrome, a receptor for the red/far-red light wavelength, and an unidentified
photoreceptor called cryptochrome for the blue/ ultra violet (UV) wavelength
(MancineUi, 1985). Phytochrome is a cytoplasmic protein that consists of a homodimer
with a covalently bound chromophore (Bowler et at,, 1994). Light perception is
mediated by photoisomerisation of the chromophore which, in turn, stimulates
anthocyanin biosynthesis through an intermediate, postulated to be guanosine 3',5'-cyclic
monophosphate (Bowler et al., 1994).
The blue light receptor has not been identified. In various species of plants grown
as callus cultures, anthocyanin production was initiated by the blue Ught/UV wavelength
rather than by red/far-red (Stickland and Sunderland, 1972; Kakegawa et al., 1991).
This has also been observed in detached corollas from petunia, as well as in roots from
maize seedlings (Rengel and Kordan, 1986; Weiss and Halevy, 1991). The
photoinduction of anthocyanin in maize, due to the effect of blue light, has been shown
not to be due to carotenoids, phytochrome or calcium (Galbiatief al., 1994).
In addition to irradiation it seems that a developmental switch is also needed to
allow anthocyanin to accumulate. Developmental milestones must be passed before light
dependant anthocyanin accumulation can be demonstrated. For example, under white
light, mustard seedlings and bean pods of the line AFN need to pass a certain
developmental pomt, independent of light, before accumulation of anthocyanin can occur
(Steinitz et al., 1976; Gantet et al., 1993). However once they are competent to
accumulate anthocyanin, they then become light dependent pantet et al., 1993).
b) Temperature
It has long been known that low temperatures induce anthocyanin accumulation in many
plant tissues including gherkin hypocotyls, barley seedling leaves and maize seedlings
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(Smith, 1973; Martinez and FavretJ990; Christie et al., 1994). However, it has also
been found that a dramatic increase in anthocyanin will follow once plants are put back:
into warmer temperatures (Smith, 1973; Martinez and Favret, 1990; Christie et a/.,
1994). Christie et al. (1994) has shown that cold stress enhances anthocyanin gene
transcription or transcript stability, but impairs post transcriptional processes important
for anthocyanin biosynthesis. Thus, once the plant is returned to a warm temperature,
the impaired transcriptional process returns to a normal level and anthocyanin
accumulation is increased again (Christie etal., 1994).
c) Nutritional stress
Nutritional stress affects anthocyanin synthesis. For example, Yamakawa et al. (1983)
and Do and Cormier (1991) showed that anthocyanin in Vitis vimfera and a Vitis hybrid
cell suspension cultures increased in response to reduced nitrate concentration. Also,
anthocyanin accumulation in Catharanthus roseus cell cultures was inhibited by
phosphate and nitrogen containing minerals (Knobloch et al., 1982). These results
suggest that the response of anthocyanin to nutritional stress is either species specific, or
is more complex than the experimental systems could test.
d) Osmotic potential
In Vitis vinifera cell suspensions, increasing the osmotic potential from -0.5 MPa to 0.9
MPa resulted in a significant increase in anthocyanin accumulation (Do and Cormier,
1990). The reddening of autumn leaves may be related to high mtracellular levels of
sugars which create a high osmotic potential and thus stress the cells of the leaf(Ishikura
1976; Tsukaya et al., 1991). Anthocyanin levels in Catharcmthus roseus, Vitis vimfera
and a Vitis hybrid cell culture were stimulated by sucrose (Knobloch et a/., 1982;
Yamakawa et al., 1983; Do and Cormier, 1991). Petunia cv. Old Glory Blue leaves
responded to glucose by accumulating more anthocyanin (Brugliera et al., 1994). The
positive effect that sugars have on anthocyanin production has been attributed to their
nutritional role as a carbon source (Do and Cormier, 1990). However, this carbon
source effect has not been distinguished from a possible osmotic effect.
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1.5.2 Hormonal effects affecting anthocyanin pigmentation
a) Gibberellic acid (GA)
In general GA has the effect of increasing anthocyanins. GA is synthesised in the
stamens and transported to the corollas where it induces development of the corolla and
accumulation ofanthocyanin (Weiss and Halevy, 1989). Weiss et al. (1990) showed that
the removal of the stamens from petunia flowers in early development inhibits
anthocyanin accumulation. This inhibition of anthocyanin synthesis was overcome by
exogenous GA application. It was deduced from steady-state levels ofmRNA for CHS,
that the GA stimulation of anthocyanin operates at the transcriptional level (Weiss and
Halevy, 1989; Weiss and Halevy, 1991; Weiss etal., 1992). Martinez and Favret (1990)
also showed in barley seedlings that added GA increased both PAL activity and
anthocyanin accumulation. In contrast, GA-dependent synthesis of anthocyanin has been
observed in radish and Arabidopsis thalicma seedlings (Jain and Guruprasad, 1989;
Tsukaya^f?/., 1991).
b) Ethylene
Woltering and Somhorst (1990) showed that anthocyanin could be induced by
emasculation or exogenous ethylene treatment in orchids. Cymbidium (orchids) flowers
produced a small peak m ethylene production after which colouration becomes visible
(Woltering et cd., 1988). Woltering et al. (1988) suggested that ethylene was produced
by the corolla Iip and this in turn caused Up colouration. The relationship between
ethylene and anthocyanin was confirmed by showing that the compound
2,5 norbomadiene, an inhibitor ofethylene, inhibited flower colouration. They therefore
concluded that ethylene is the sole regulator of anthocyanin synthesis during orchid
flower senescence.
c) Auxin
The effect of 2, 4-Dichlorophenoxyacetic acid (2,4-D) on anthocyanin accumulation has
mamly been studied in cell suspensions. Roselle (Hibiscus sabdariffa) callus cultures
grown on 2,4-D showed 15-30 fold increases in anthocyanin (Mizukami et al., 1988,
1989). By contrast, m carrot cell suspensions Takeda (1990) showed that 2,4-D was not
important in regulating anthocyanin. Anthocyanin accumulation decreased in roselle
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(Hibiscus sabdariffa) callus cultures grown with indole-3-acetic acid pAA) compared to
normal cultures (Mizukami et a/., 1989). IAA in high concentrations in leaf disks of
Terminalia catappa inhibited anthocyanin production and PAL activity (Dube et at,
1992).
d) Abscisic acid (ABA)
ABA is the only hormone known to affect the maize anthocyanin regulatory gene, Cl
(Hattori et al., 1992). Additionally, ABA has been shown to promote anthocyanin
production and PAL activity in leaf disks of Terminalia catcsppa (Dube et al., 1992).
The presence of ABA and carbon dioxide inhibited anthocyanin production but not the
PAL transcripts (Dube et a/., 1992).
1.5.3 Cellular environmental factors affecting pigmentation
a) Co-pigmentation
A co-pigment usually has no colour on its own but when added to an anthocyanin
solution it greatly enhances the colour. Copigments may be fiavonoids, alkaloids,
organic acids, nucleotides, polysaccharides and metals (Mazza and Brouillard, 1990).
The importance ofanthocyanin copigments is illustrated in the blue flower pigment from
comflowers. This requires magnesium and iron ions (Kondoe/a/., 1992). If only the
magnesium ions are added, then the colour is purple (Kondo et al., 1992). Additionally,
pH changes anthocyamn colour. In aqueous solutions, anthocyanins can act as pH
mdicators, being red when acidic and blue when alkaline. This is explained in vivo by the
appearance and disappearance of anionic quinonidal bases (A'), flavyium cation (AH+)
and quinonidal bases (A) (Brouillard, 1988). As the pH is lowered the anionic
quinonidal bases (A') are displaced to the neutral quinonidal bases (A) and, subsequently
to the flavyium cation (AH4) and vice versa (Brouillard, 1988). In petunia, several genes
have been shown to regulate the vacuolar pH and thus the flower colour (de Vlaming et
aL, 1983, 1984). Young bluish puq)le berries of Ampelelopsis brevipedunculata had a
pHof 5.8, while the ripe blue berries had apH of 6.5 (Yoshitamaef a/., 1992). Ipomea
tricolaur has been shown to have colour variations from reddish purple to blue caused by
a shift in vacuolar pH from 6.6 to a pH of 7.7 respectively O^oshida et al., 1995).
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b) Competition between flavonoid metabolising enzymes
Dihydroflavonols are the precursors for both anthocyanins and fiavonols (See Figure
1.3). These two flavonoids usually accumulate in the same cells and subcellular location
(Holton and Cornish, 1995). The dihydroflavonols are substrates for both DFR and
flavonol synthase (FLS), creating the potential for competition between these two
enzymes (Holton and Cornish, 1995). For example in petunia, if the enzymes F3tH and
F3'5fH are present then mainly anthocyanins are produced (Beld et at, 1989). If they
have no F3'5tH but have F3*H and FLS then they accumulate flavonols at the expense of
anthocyanins (Gerats, 1985). If they possess F3(H and lack F3'51H and FLS then they
produce anthocyanin (Holton and Comish, 1995). When an anti-sense FLS gene was
introduced into tobacco and petunia lines, flavonol production in flowers was reduced
and anthocyanin production increased (Holton et a/., 1993a). This was due to reduced
competition between FLS and anthocyanin synthase. The enzymes mvolved in
anthocyanin and flavonol synthesis are competing for dihydroflavanols, and when one
type of synthesis is reduced, it makes substrate available for the other. The accumulation
of specific fiavonoids is, of course, dependent on both the enzymes produced and their
substrate specificity (Holton and Comish, 1995). In peas and Sinapsis alba the genes
that affect anthocyanin and flavonols are principally under differently regulated
biosynthesis (Stratham et al., 1972; Beggs et ai, 1987) and so there is a reduced
potential for competition. In camation the competition of FLS and DFR for
dihydroflavanols is circumvented by different substrate specificities and sequential
expression of the two enzymes (Stich et at, 1992).
c) Degradative mechanisms
In petunia, colour intensity can be influenced by early breakdown ofanthocyanins. In the
presence of the dominant allele7fa a rapid fading of flower colour occurred (de Vlaming
and Eekeres, 1982). This gene causes a difference in quantity ofpigment but not quality
(de Vlaming and Eekeres, 1982), indicatmg that it regulates a degradative process that
breaks down anthocyanin. Other authors have studied the turnover rate of anthocyanin.
Margna and Vainjarv (1981) found a 6-8% turnover of anthocyanin in buckwheat seeds.
Zenner and Bopp (1986) found a 6-8% turnover of anthocyanin in Sinapsis alba
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seedlings. There is a 45% turnover of anthocyanin in petunia petals that has been
suggested to be the result of the high rate of their metabolism (Steiner, 1971). The
pathway and mechanism of anthocyanin degradation is unknown ^taffford, 1990).
1.5.4 Genetic factors influencing pigmentation
a) Cis -controlling elements
Identification of c^-controlling elements in the promoters of genes gives an insight into
the factors that may be required for promoter activation. There are at least two separate
sets of c^-elements involved in anthocyanin accumulation. These are the c^-elements on
the regulatory genes and those on the structural genes. The c^-elements of anthocyanin
regulatory genes have only recently been studied. It has been shown that m-regulatory
sequences in the Cl promoter are necessary for activation by ABA, Vpl and light (Kao
etal., 1996). The sequence from-142 to-132 is essential for VP1 activation (Kao etal.,
1996). A larger and overlapping region from -147 to "132 is necessary for
ABA-dependant activation of Cl (Kao et at, 1996). A separate red- and blue- light
responsive element is located between -116 and -59 (Kao et al., 1996). The authors
show evidence that light interacts synergistically with the ABA and VP1 responses.
Once the regulatory proteins are made, they interact with the DNA binding sites on the
promoters of the structural genes of the phenylpropanoid pathway. The DNA binding
sites ofMyc and Myb proteins was discussed in Section 1.4. Most structural genes in
the phenylpropanoid pathway in maize have the Myc and/or the Myb c^-elements (Goff
et at, 1992; Tuerck and Fromm, 1994). Roth et al. (1991) used microparticle
bombardment of maize embryos and deletions of the Bzl (UF3GT) promoter to show
some of these specific sequences were critical forBzl expression.
b) Inhibitory regulatory genes
Only three inhibitory regulatory genes are known for anthocyanin synthesis. The C-I (Cl
Inhibitory) Myb-like gene in maize dommantly interferes with CHS (C2) expression,
behaving like a represser (Paz-Ares et al., 1990). Analysis of the C-I cDNA indicates
that an 8 bp insertion has caused a frame-shift mutation, leading to a shortened protein
lacking the acidic domain present in the Cl protein (Goff et al., 1991). Colour intensity
in petunia is affected by the Inl (Inhibitory 1) allele (Gerats et al., 1982; Wiering et at,
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1979). Inl as a dominant allele causes 50% reduction in colour intensity and its effect is
restricted to the final stages of the anthocyanin pathway. Eluta mutants in Antirrhinum
majus produced a 10-fold reduction in anthocyanin, reflected by a reduction in transcript
levels for the structural genes of the anthocyanin pathway (Martin et al., 1991).
c) Transposable elements
Transposable elements are pieces ofDNA that can mobilise themselves by duplication,
excision and insertion into genomic DNA. In essence, transposable elements are
modules that vaiy gene expression, and the variability is related to the position of the
elements relative to the affected genes (Schwarz-Sommer and Saedler, 1987). A large
variety of effects can be achieved by a single family of elements depending on their
insertion site (Schwarz-Sommer and Saedler, 1987). Many elements have been used to
clone various genes relating to anthocyanin because their insertion perturbs the pattern of
anthocyanin by turning it ofF, reducing it or creating a variegated phenotype. For
example in maize the elements Ac, Enl and Mul have been used to clone the structural
genes C2 (CffS), Al (DFR), Bzl (UF3GT), and Bz2 (GST, Federoff et a/., 1984;
O'ReiUy et al., 1985; Weinand et at, 1986; Theres et al., 1987), and regulatory genes
Cl and R-nj (Cone e/ al., 1986; Paz-Ares e/ a/., 1986; DeUaporta et a/., 1988). When
C-I was interrupted by a transposable element, it showed a sectoring pattern mdicating
partial reduction in the suppressive potency of the normal C-I (Jayaram and Reddy,
1990). Pcdlida (DFR) from Antirrhinum majus was isolated using a Tam3 element.
Imprecise excision of the element created novel spatial patterns and different intensities
in flower pigmentation ranging from full red to very pale caused by deletion or altered
spacing (Coen et a/., 1986). Insertion of the Tam3 element in the nivea (CHS) promoter
of A. majus resulted in anthocyanin being completely absent in the upper part of the
corolla tube and reduced colour in the lobes (Carpenter et a/., 1987). Excision of the
Tam3 element in A. majus led to the creation of Niv-525 which has an inverted
duplication that acts like a dominant inhibitory gene by reducing CHS levels and thus
reducing intensity of anthocyanin (Coen and Carpenter, 1988). The insertion of
transposable elements, together with their imprecise excision, is one method of creating
abundant phenotypic diversity (Hudson et a/., 1990).
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d) Enhancement of anthocyanin by transformation
The introduction of certain genes into plants from other species by transformation is an
unnatural process that can create new patterns of accumulation or intensities of
anthocyanin. Researchers have found that anthocyanin categories can be novel,
modulated, enhanced and even silenced using either regulatory or structural genes
involved in the pathway.
A novel alteration of anthocyanin is the production of a phenotype that has not, or
can not, be physically produced by the natural processes of a particular species of plant.
Examples of a novel anthocyanin accumulation have been observed in two plant species.
The expression of both the R {Lc allele) and the Cl genes in Arabidopsis gave novel
anthocyanin expression in root, petal and stamen tissues which do not normally produce
anthocyanin (Lloyd et at, 1992). Also, petunia cv Mitchell plants transformed with Lc
showed greatly increased levels of anthocyanins in the vegetative tissues which do not
normally produce anthocyanin (Davies et al., 1995). Enhancement of anthocyanin in
tissues already expressing anthocyanm seems to occur more frequently. Enhancement
has been observed in tobacco and petunia with the maize myc gene (Lloyd et at, 1992;
Davies et al., 1995), as well as in tobacco and tomato with an A. majus myc gene
(Mooney et al., 1995). Modulation of anthocyanin biosynthesis was first accomplished
by Meyer et at (1987) who generated petunia plants that could produce pelargonidin.
The petunia they transformed could not convert dihydroflavonol substrates to
pelargonidin pigments. However, transformation of these plants with a 35S driven maize
Al (DFR) gene complemented the mutation and changed the flower colour from pale
pink to brick red. Subsequently, this type of complementation leading to a change in
flower colour was achieved by transformmg petunia with 35S driven DFR genes from
gerbera (Helariutta et ai, 1993) and rose (Tanaka et at, 1995). Complementation of
tomato mutants deficient in anthocyanin (anthocyanin without, AW) with the 35S driven
DFR gene from tomatoes has also been achieved (Goldsbroughef at., 1994).
e) Gene silencing of anthocyanin by transformation
Gene silencing occurs as a result of mutual gene inactivation, termed cosuppression by
Jorgenson (1990a, 1990b). This is a feature of both sense and antisense gene action.
Inhibition of gene expression by antisense RNA is thought to arise from specific base
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pairing between the two types ofRNA (van der Krol et al., 1988; Mol, 1991). The rate
of the endogenous gene transcription is not affected (Sheehy et al., 1988) and therefore
it has been proposed that the antisense transcripts pair with the pre-mRNA or mRNA
and prevent accumulation, due to either hybrid instability or specific enzymatic
degradation (Rothsteine/a/., 1987; Smiths a/., 1988). Examples of the suppression of
genes using the antisense technique and the subsequent alteration of pigment patterning
have been created in a variety of species using a number of genes. In petunia, an
antisense CHS gene reduced CHS activity which correlated to altered anthocyanin
phenotypes (van der Krol et at, 1988, 1990b; Stevenson, 1991). A range of these
flower phenotypes were produced such as chaotic white sectors, uniformly reduced
pigmentation and flowers that were nearly white throughout the corolla. Antisense
suppression of CHS resulting in altered pigment phenotype has been achieved in gerbera
(Elomaa et al., 1993), chrysanthenum (Courtney-Gutterson et aL, 1994) and rose
(Elomaa and Holton, 1994). Antisense suppression of3RT activity m a purple flowering
petunia resulted in uniform pink flowers, a variegated form with purple and red sectors
(Bruglierae/a/., 1994).
Increased anthocyanin accumulation has been achieved by usmg an antisense FLS
gene in tobacco (Holton et al., 1993a). The suppression of the FLS gene, that would
normally produce flavonol, increased anthocyanin production, which they describe as
being the result of a lack of competition for dihydroflavonol substrates.
Napoli et al. (1990) demonstrated sense suppression in petunia, which occurs
when extra "sense" copies of a gene are introduced into a plant. Napoli et al. (1990)
over expressed a chimeric CHS gene under the control of the 3 5 S promoter, and 42% of
their plants showed totally white flowers or patterned flowers with white or pale sectors
on a wild type background. This sense suppression effect has been seen by a number of
authors using CHS and DFR genes (van der Krol et al., 1990a; Jorgenson, 1990b). It
was also found that additional transgene copies in petunia reduced floral pigmentation
regardless of the promoter that was used (van der Krol et aL, 1990a). Linn et al. (1990)
found that introducing the maize Al gene into petunia also gave red, variegated and
white phenotypes. They concluded that the methylation of the 3 5 S promoter was
mfluenced by the copy number and position of the transformed gene. Jorgensen (1990a,
1990b) suggested that cosuppression is not simply a dosage response nor due to
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insertion of multiple genes, but rather a homology-dependent interaction that occurs
under certain conditions. It has been shown that different regions ofgenomic DNA are
variably hyper-methylated and that an introduced gene will be selectively silenced
depending on its position in the genome (Meyer, 1995). A number of recent reviews
detail "homology dependant gene silencing" as well as describing some of the
mechanisms and reasons for silencing (Flavell, 1994; Matzke ef a/., 1994; Mol et a/.,
1994; Matzke and Matzke, 1995).
1.5.5 The effect on petal cell morphology
The colour of Antirrhsnum majus flowers is altered by a gene for the specialised
differentiation of inner epidermal cell shape of the corolla lobes (Noda et a/., 1994). The
myA-related gene, mixta, creates flat cells as opposed to conical cells that are made in the
wild type flowers (Noda et a/., 1994). No quantitative differences could be detected in
either amount or types of anthocyanin pigment extracted from mixta or wild type petal
lobes (Noda et al., 1994). However, the conical cell shape is believed to increase the
proportion of incident light that enters a cell, enhancing light absorption by the floral
pigments and thus the intensity oftheu- colour (Noda et a/., 1994). Thus the change of
intensity in flower colour arises from the wild type conical cells receiving more light due
to their shape, while the angular mixta cells receive less (Noda etat, 1994).
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1.6 Scope of this thesis
The aim of this study was to examine whether anthocyanin biosynthesis m
dicotyledonous plants, particularly in legumes, can be attained by using anthocyanin
regulatory genes from other species. Only one author has previously researched the use
of anthocyanin regulatory genes in transient assays of dicotyledonous plant species
(Quattrocchio etaL, 1993). Additionally, only three papers have reported alteration of
anthocyanin phenotype in dicotyledonous plant species by transformation with
anthocyanin regulatory genes and none of these plants are legumes (Lloyd et a/., 1992;
Mooney^a/., 1995; Davies etaL, 1995). The function of anthocyanin regulatory genes
in monocotyledonous species has been well studied, however it is still poorly understood
in dicotyledonous species. The null hypothesis of this project was that exogenous
anthocyanin regulatory genes cannot alter anthocyanin biosynthesis in leguminous plant
species. This project creates both molecular constructs and specific transgenic plants
that will be useful for future studies. This study deepens the understanding of
anthocyanin biosynthesis by introducing anthocyanin regulatory genes into leguminous
plants for transient and stable expression
The work presented in Chapter 2 outlmes the different transient and transformation
vectors that were made for this study. The problem was to reduce unwanted restriction
enzyme cutting in the assembly of transformation constructs that were to contain a
member from the myc and myb fanuly. This was achieved by creating transient vectors
that could be manipulated into a specialised transformation vector using a linker based
cloning system.
Chapter 3 describes the effects that the transient vectors have on various
monocotyledonous and dicotyledonous cell suspensions. It shows that the construction
of the transient vectors was successful. It compares two biolistic delivery systems and
then shows that co-bombardment of most tissues is necessary for anthocyanin activation.
Finally, the optimal concentration and ratio of the maize anthocyanin regulatory genes in
the biolistic delivery system is investigated.
Chapter 4 describes transient assays of the anthocyanin regulatory genes in various
tissues of clover and pea. This chapter introduces the phenomenon of tissue specificity
of anthocyanin production.
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Chapter 5 describes the expression of the anthocyanin regulatory genes in
transformed tobacco and clover plants. The plants were analysed with respect to
anthocyanin accumulation and tannin levels and patterns. The tobacco plants show
various levels of anthocyanin as a consequence to certain anthocyanin regulatory genes.
They also show patterns resulting from the silencing of the transgene. The clover plants
show a vastly dififerent pattern ofanthocyanin expression. This is more than likely due to
the internal constraints placed on anthocyanin production, complicated by external
factors influencing the expression of the introduced regulatory genes.
This project shows that anthocyanin pigmentation can be modified in a number of
dicotyledonous plants, mcluding legumes, using anthocyanin regulatory genes in both
transient and transformation experiments. It also demonstrates some of the complex
interactions involved in anthocyanin biosynthesis.
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CHAPTER 2
DEVELOPMENT OF A VECTOR SYSTEM
2.1 Introduction
This project examines the induction of anthocyanin by the expression of regulatory genes
delivered by both microparticle bombardment and transformation methods. Research
with maize anthocyanin regulatory genes has shown that the introduction and
co-expression of two separate regulatory genes is necessary, as the synthesis of
anthocyanin is controlled by the coordinate expression of two families of regulatory
genes (Coe et a/., 1988; Dooner et al., 1991; Bodeau and Walbot, 1992). The
introduction of two regulatory genes by microparticle bombardment can be achieved by
simply adding both genes in separate uniform plasmids to the microparticles. A number
of different plasmids containing anthocyanin regulatory gene coding regions were
received from various plant species for use in this study. The anthocyanin regulatory
genes were provided as clones in a number of different vectors. Some were in high copy
number plasmids and had mtrons before the coding region, as appropriate for biolistic
expression in monocotyledonous plant tissue, and some were in binary vectors designed
for transformation experiments. One of the first aims of this work was to create plasmids
for microparticle bombardment that contained dififerent anthocyanin regulatory genes
with uniform constitutive promoters and terminators. With uniform promoters and
terminators comparisons of the coding regions of the anthocyanin regulatory genes could
be made. Another aim was to create plasmids that would express genes in both
monocotyledonous and dicotyledonous plants. This was achieved by excismg the
monocotyledonous introns from certain coding regions during the clomng procedure.
A common problem encountered in assembling chuneric genes in plasmids is
finding appropriate restriction sites for cloning. If an expression cassette needs to be
excised and mtroduced into another vector (such as a bmary vector) for transfer to plant
cells via Agrobacterium, the procedure can become complicated with the possibility of
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restricting the gene during the cloning process. These problems are compounded if a
binary vector carrying two expression cassettes is constructed, with the added possibility
of restricting within the first introduced cassette during the second cloning step. Since I
wanted to transform plants with these genes via a single binary vector, I was faced with
these problems. In this chapter an approach is described in which combinations of
chimeric genes, constructed in a faimly of expression cassettes, can be directly assembled
into a modified binary vector with minimal risk of restriction during cloning. The
construction of this series of cloning vectors has recently been described (de Majnik et
al., 1997).
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2.2 Materials and methods
2.2.1 Cloning techniques
a) Escherichia coli culture
Escherichia coli strain DH5a (Hanahan, 1983) was used to maintain, amplify and select
plasnrids. To select plasmids, E. coli suspensions were streaked on to agar plates made
from an altered Luria-Bertani medium (LB; Table 2.2.1) containing the necessary type
and amount of antibiotic(s) and grown at 37°C overnight (Sambrook et a/., 1989). For
long term storage, bacteria were aseptically sealed into tubes as either agar stab cultures
made from LB medium solidified with agar (0.8%), or glycerol stocks containing LB
media and 25% glycerol. and stored appropriately (Sambrook et al., 1989). To grow up
plasmids, an inoculum of E. coli was made by picking a colony and growing it in liquid
LB media containing the necessary type and concentration of antibiotic, at 37°C with
vigorous shaking overnight (Sambrookefa/., 1989).
Table 2.1: Altered Luria-Bertani medium (LB medium).
Chemicals Amount added per litre
Bacto-tryptone 10.0 g
Yeast Extract 5.0 g
NaCl 5.0 g
pH 7.0 with NaOH
For solid media add 15.0 g/l w/v Difco agar.
Autoclave at 122 °C for 20 min
b) Electroporation otEscherichia coli
Transformation of E. coli was achieved by high-voltage electroporadon (described by
Sambrook et a/., 1989). A freshly grown culture ofDH5a, grown to logarithnric phase,
was pelleted at 10,000 rpm for 30 sec in a 1.5 ml micro-centrifuge tube and the
supematant poured off. The pellet was then resuspended by a short vortex in 1 ml of ice
cold deionised water (MilliQ, Millipore,[MQ]). These steps were repeated 5 times
before resuspension in 50-80 p.1 of ice cold MQ water and storage on ice. 50-100 ng of
DNA was added to the washed cells and electroporated by capacitor discharge using the
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Gene Pulser (Bio-Rad, Hercules, CA) usmg a chilled 2 mm gap cuvette at setting of
2500 V and 25 pjr capacitance (about 12.5 kV.cm'1). After electroporation the cells
were recovered in 5 ml of prewarmed LB, which was then shaken gently for 40 min at
37°C. Aliquots were spread onto LB media plates containing the appropriate antibiotic.
c) Plasmid DNA manipulations
Plasmid DNA was isolated from an overnight grown E. coli inoculum using the alkaline
lysis method described in detail by Sambrook et al. (1989). Plasmid DNA was
resuspended in TE (10 mM Tris-HCl pH 8.0, 1 mM Nas-ethylenediamine tetra-acetic
acid (EDTA) and stored at -20°C.
Restriction digestions of DNA were performed with commercially available
enzymes according to manufacturers instructions. This included between 0.1 and 5 p,g
of plasmid DNA, 2 nl of the manufacturer's lOx reaction buffer (the composition of
which changed according to the requirements of the particular enzyme), between 5 and
10 Units of enzyme, and made up to the final volume with MQ. Total reaction volumes
were 20 \i[. Digestions were carried out at 37°C for 2 hours. If subsequent
manipulations were required, the enzyme was heat inactivated according to the
manufacturer's instructions, which was usually 65°C for 30 min.
To linearise plasmid DNA with a restriction endonuclease that cleaves more than
once, a partial digestion method described by Parker et al. (1977) was used. A dilution
series ofethidium bromide (EfBr) from 0 to 50 ng/ml was made, each dilution with 1 ng
of plasmid DNA. Typically, the series increased in steps of 10 ng/ml of EtBr. Each
dilution was digested for 20 min at 37°C with a 50% excess of enzyme (1.5 units.ng'1),
heat inactivated and an aliquot of each analysed by electrophoresis. From the
electrophoresis, the reaction mix containing mostly linearised plasmid DNA could be
determined and used for farther manipulations.
DNA termini recessed at their 3' ends were repaired to produce flush ends by filling
with nucleotides (described by Sambrook et al., 1989). In brief, 1 ^ig ofDNA was
incubated at 37°C for 30 min in the presence of all four deoxynucleotide triphosphates
(dNTPs), each of which were present at a 1 mM concentration, and with 1 Unit of
KIenow fragment (Pharmacia, Sweden).
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For ligations, Unearised vector DNA was treated with calf intestinal alkaline
phosphatase (CIAP; Promega, Madison, WI) according to manufacturer's instructions,
to decrease recircularisation. For CIAP treatment, the digested DNA had 10 (xl of 1 Ox
CIAP buffer and 0.01 unit of CIAP/nmol ofDNA ends added directly to the digested
DNA, and the volume adjusted to 100 |^1. This nuxture was incubated at 37°C for 60
min. The reaction was stopped by adding 2 ^il of 0.5 M EDTA and heating at 65°C for
20 min. Prior to ligation, a phenol:chloroform, chloroform extraction and salt
precipitation was performed to remove the CIAP (described in Sambrook et a/., 1989
and manufacturer's instructions). Ligations were routinely done using a 1:3 molar ratio
of vector to insert DNA ratio. Added to this was 1-2 units ofT4 DNA ligase (Promega,
Madison, WI) in the buffer provided and the reaction was incubated at 4°C overnight or
on the bench for 3-4 h. The reaction nux was heat inactivated at 65°C for 10 min and
the DNA salt precipitated. The pellet was resuspended in 20 nl ofMQ and a 5 j^l aliquot
used for electroporation.
Linkers from New England Biolabs (Beverly, MA) were attached to DNA
according to manufacturer's instructions. Notl linkers d(pAGCGGCCGCT) were used
to create new restriction sites. 1 ng of tinkers were ligated onto the flush ends of 5 |^g
DNA using 4,000 units of concentrated T4 DNA ligase (New England Biolabs, Beverly,
MA). This was carried out at 4°C overnight, then heat inactivated, phenol:chloroform
extracted and salt precipitated. The DNA was digested with 200 units of enzyme for 2-3
h at 37°C, the unattached linkers were removed by electrophoresis through agarose. The
DNA was recovered from the agarose by the use of a Wzard-Prep column (Promega,
Madison, WI). This mvolved heating the excised portion of agarose containing the DNA
at 65°C in an Nal based buffer. Once the agarose was fully melted, the mixture was
passed through a silica based column and washed with isopropanoL The DNA was
eluted and ready for further ligation.
Adapters from New England Biolabs (Beveriy, MA) were attached to DNA
according to manufacturer's instructions. The non-palindromic conversion adapters
Nofi-Xmnl d(GGCCCGAAGGGGTTCG), EcdSI-Xmnl d(AATTCGAACCCCTTCG)
and BamHl-XmnI d(GATCCGAAGGGGTTCG) joined vector and insert DNA.
Notl-Xmnl and EcoSH-XmnI were used together to make one adapter pairing and
BamHI-Xmnl and EcoRi-Xmnl were used together to make another adapter pairing. A
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20 uM solution of adapter pairs was created by annealing the two pieces of single
stranded DNA (one adaptor) together. They were heated to 95 °C for 5 min and slowly
cooled to room temperature over a period of I h. All subsequent steps were done below
10°C to prevent strand separation. The adapter pairs do not have a 5' phosphate and
were attached to the vector in a 10:1 ratio, rather than the insert, nullifying the need for
CIAP treatment of the vector. A phenol:chloroform extraction was used to separate the
ligase from the DNA. The excess adapters were removed by 2 precipitation's with
ammonium acetate. The msert was added and ligations carried out at 4°C overnight.
d) EIectrophoresisofDNA
Electrophoresis ofDNA molecules through agarose gels (1% w/v), containing 1 (J,l of
10 mg/ml EtBr per 100 ml of agarose, was carried out in Ix TBE (50 mM Tris-HCl,
40 mM boric acid, 1 mM EDTA, pH 8.3), in a gel tank containing Ix TBE buffer
(Sambrook et al., 1989). If a band ofDNA was needed for further manipulations from
the gel. Ix TAE (40 mM Tris-HCl, 20 mM sodium acetate, 2 mM EDTA, pH 7.8) was
used instead ofTBE, 1.2% low melting point agarose was used and no EfBr was added
to the agarose (Sambrook etal., 1989). The outer surfaces of the TAB gels were stained
following electrophoresis, in a bath containing 5 nl of 10 mg/ml EtBr per 500 ml of
water (Sambrook et a/., 1989), and the DNA purified using the "Wizard Prep"
purification kit (Promega, Madison, WI) according to manufacturer's instructions. All
gels were run at 40 mA/100 V (12 V.cm"1) and their progress monitored by
incorporating a bromophenol blue loading dye (Sambrook et a/., 1989). Lambda DNA
(250 ng) cut with Hin^SQ. was used as markers for the digested DNA. After
electrophoresis DNA was visualised on a UV transilluminator with a 254 nm
wavelength and photographed.
e) Blotting (described in Sambrook^ a/., 1989)
i) Colony blotting: Circles of Hybond C membrane (Amersham International,
Buckinghamshire, UK) were marked to enable correct orientation and identification of
specific colonies. The marked membranes were then placed on the agar surface for
1 min and the orientation of the membranes marked onto the plate. The membranes
were removed from the plates to absorbent paper soaked in denaturing solution
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(1.5 M NaCl and 0.5 M NaOH) for 15 min. The membranes were transferred twice to
absorbent paper soaked in fresh neutralising solution (0.5 M Tris-HCl pH 7.2 and 1 mM
EDTA) for 7 min each. The filters were rinsed briefly in 2x SSC (0.3 M NaCl,
0.03 M sodium citrate pH 7.0) and allowed to air dry. The DNA was covalently bonded
to the membrane by exposure to a UV source (250 mJ, UV Stratalinker 1800,
Stratagene. La Jolla, CA). Following linking, the cell debris was washed from the
membranes by gently shaking them in a container of 2x SSC at 65°C, readying them for
hybridisation. The plates were returned to 37°C to regrow the colonies for picking after
the membranes had been hybridised and a match had been made.
ii) Southern blotting: Restriction enzyme digested plasmids, separated by
electrophoresis through agarose, were blotted with the same solutions as in the colony
blotting procedure. Following electrophoresis, the gel was placed in denaturing solution
for 30 min. It was then transferred into neutraUsing solution for 30 mm. A capiUary
blotting device was set up using 20x SSC as the transfer buffer, described in detail in
Sambrook et al. (1989). The transfer of plasmid DNA to Hybond C was allowed to
proceed overnight. The blot was rinsed in 2x SSC and UV fixed as in the colony
blotting. The membrane was then ready for hybridisation.
0 Probe making for hybridisation
The coding regions used in this study were cloned into a pGEM-7Zf(+) vector
(Promega, Madison, WI). The T7 and SP6 sites contained in this vector were used as
priming sites to enable PCR amplification of the coding regions. The PCR reaction
volume was 25 ^ll containing 50 pmoles of DNA template, 100 flM of each dNTP,
50 pmoles of each primer (Promega, Madison, WI), 25 mM of MgQi, 2 Units of Taq
polymerase and the required buffer (Promega, Madison, WI). The thermal cycler
(Corbett Research, NSW) was programmed to run a 30 cycle amplification. The first
cycle, 95°C for 3 mm, denatured the DNA template. This was followed by 29 cycles
consisting of a denaturing cycle at 95°C for 15 sec. an annealing cycle at 50°C for 15
sec, and an elongation cycle at 72°C for 30 sec. The programme ended with one
amplification cycle of 95°C for 15 sec, 50°C for 15 sec, and 72°C for 3 min. The PCR
fragment was then cleaned using the "Wizard Prep" purification kit (Promega, Madison,
WI) according to manufacturer's instructions. To make the probe, the "Prime-a-Gene"
.T" JLI
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system (Promega, Madison, WT) was used according to manufacturer's instructions. The
target DNA (25-50 ng) was made up to 30 ^1 with distilled water and heated at 95-98°C
for 3 min and placed in ice. All solutions added to this were ice cold. Added to this was
10 nt of 5x buffer (which includes random hexamers), 2.5 ng bovine serum albumin
(BSA), 2 nl of a mix of 1.5 mM A, G and T dNTPs, 5 ^ of [a-32P dCTP 3000
Ci/mmol], and 2-3 units ofKlenow fragment. The sample was incubated on the bench
for 1-2 h. The reaction was stopped by addmg 3 pl of 0.5 M EDTA. Probes were then
purified using S-300 MicroSpin Columns (Pharmacia, Sweden) according to
manufacturer's instructions.
For use in DNA hybridisations, the probes were heated to 95-98°C for 5 min,
quenched in ice for 5 min and then added directly to the hybridisation buffer.
g) DNA Hybridisation
Blots were pre-hybridised for 1-2 h in 10 ml of6x SSC, 0.5% BLOTTO (10% Diploma
non-fat dried skim milk powder w/v), 0.5 mg/ml sheared herring sperm DNA,
1% sodium dodecyl sulfate (SDS), and distiUed water (Sambrook et al., 1989). The
blots were hybridised in a bottle m a rotary oven (Hybaid Limited, Middlesex, UK).
Hybridisation was carried out at 65°C. The probe was added directly to the bottle after
prehybridisation and hybridised overnight.
Following hybridisation, the hybridisation solution was removed and the blots were
rinsed briefly at room temperature with 2x SSC. The blots were then removed from the
bottles into a tray shaken gently for subsequent washes. A solution of 2x SSC,
0.1% SDS heated to 65°C was added to the blots, washed for 20 min at this temperature
and repeated. If a high stringency wash was needed the blots were washed in 65°C
preheated 0.2x SSC, 0.1% SDS for 20 min and allowed to return to room temperature
until the monitored counts dropped to a suitable level. The blot was placed onto 2x SSC
dampened blotting paper, sealed in plastic wrap and placed into a Phosphorlmager
(Molecular Dynamics, Sunnyvale, CA) or X-ray film cassette. The hybridisation was
analysed using a Phosphorlmager and the ImageQuant software (Molecular Dynamics,
Sunnyvale, CA), or fihn was developed using an X-ray film developer.
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2.2.2 Clones used in this study
a) Coding regions
Four coding regions for anthocyanin regulatory genes (Table 2.2) and one for
P-glucuronidase (GUS) were obtained for this study. Two were monocotyledonous
anthocyanin regulatory genes from Zea mays, Cl (Cone et a/., 1986; Paz-Ares et al.,
1986) and B-Peru (Chandler et a/., 1989). They are a complementary pair of genes.I
received them in the form used in the experiments of Goff et al. (1990). Both were
arranged for maximum transient expression in monocotyledonous plant tissues. They
were set up in a pUC based plasmid (pMF6) behind a 35 S promoter which contained a
maize alcohol dehydrogenase (ADH) intron. The maize ADH intron, 5' to the coding
sequence, was a concern because it would potentially interfere with dicotyledonous
transcription (Keith and Chua 1986, Callis et al., 1987) and was not able to be easily
removed from these plasmids. Both the B-Peru coding region and the Cl coding were
easily excisable as a 1.97 Kb EcoSJ, fragment and a 1.1 Kb EcoRI fragment, respectively.
At the beginning of this study the only dicotyledonous anthocyanin regulatory
genes available were the myb.Ph2 coding region (Avila et al., 1993) from Petunia
hybrida and the Delila coding region (Goodrich et al., 1992) from Antirrhinum majus.
Although from different species, the genes were myb and myc respectively. Both arrived
in a plasmid as the cDNA coding regions without any sort of promoter. The Delila gene
was excisable as a 2.1 kb BamHl, Xhol fragment and the myb.Ph2 gene was excisable as
a 1.05 kb £coRI fragment.
Table 2.2; Anthocyanin regulatory gene coding regions used in this study.
Plant of origin myb myc
Zea mays Cl B-Peru
Petunia hybrida myb.Ph2
Antirrhinum majus Delila
Finally, the E. coli GUS gene uidA coding region, here referred to as gus
(Jefferson et ai 1987), was obtained from the plasmid pGUS2 (L. Tabe, PI, CSIRO).
The gus gene was excisable as a 1.8 kb £coRI fragment.
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b) Expression cassettes
Two expression cassettes were used in this project, both described by Tabe et al. (1995).
An expression cassette (WM5) containing the promoter of the ARAth^bcS-,4 from the
Arabidopsis thaliana gene for the small subunit of ribulose bisphosphate carboxylase
(also known as rbcS la; Dedonder etal., 1993), a multiple cloning site and a 3' region of
NICta'^RbcS',1 from the tobacco small subunit of ribulose bisphosphate carboxylase (also
known as NtSS23: Mazure arid Chui, 1985). The other expression cassette used (DHA),
contained the constitutive cauliflower mosaic vims (3 5 S) promoter, an alfalfa mosaic
vims (AMV) 5' leader, a multiple cloning site and the 35S 3' region.
c) Transformation vectors
Two transformation vectors for Agrobactermm tumefaciens-mediated transformation
were obtained. These were pTABlO (Tabe et a/., 1995) and pART27 (Gleave, 1992).
The pTABlO binary vector was obtained because it needed minimal modifications to be
able to accept two expression cassettes.
The pTABlO plasmid contains the selectable marker that confers resistance to the
herbicide phosphinothricin (PPT), inside the T-DNA borders. On either side of the
selectable marker is a restriction site that could be utilised to clone in two anthocyanin
regulatory genes. The pART27 vector (Gleave, 1992) contains the nopaline synthase
promoter (pnos), neomycin phosphotransferase gene (nptlf) which confers kanamycin
resistance, and the nopaline synthase tenninator (nos 3') and was used to clone in the
myb type anthocyanin regulatory genes.
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2.3 Results
Several factors prompted the development of this plasmid system. One factor was to
create anthocyanin regulatory genes with uniform constitutive promoters and
terminators. Another factor was to create plasmids that could express in both
monocotyledonous and dicotyledonous plants. The final factor was to construct a family
of expression cassettes that could be directly assembled into a modified binary vector
with minimal risk of restriction during cloning.
This system was based on the generation of intermediate plasmids containing
expression cassettes that could be released with a rare restriction enzyme and
subsequently inserted into a binary transformation vector. The intermediate plasmids
would be small and have high copy number in E. coli, readily producing a large quantity
ofDNA, for transient expression experiments. Subsequently, a modified binary vector,
able to accommodate two of these expression cassettes, would be used to transform
plants usmg Agrobactermm-mediated method. The construction steps involved in
producing this vector system are detailed in this section.
2.3.1 Construction of the pBluescript SK(+) based vectors
a) Construction of the foundation plasmid (pJDOOl)
The foundation plasmid (pJDOOl) was constmcted to possess a minimal number of
restriction sites. This ensures that the multiple cloning site of the expression cassettes,
when inserted mto this plasmid, have unique restriction sites. This plasmid is a derivative
ofpBluescript SK(+) (Stratagene, La Jolla, CA) and was created by restricting with Xhol
and Xba\ and religating after end filling (Figure 2.1). Plasmid pJDOOl contains a Notl
site, into which one of two plant expression cassettes were ligated. (Figure 2.1).
b) Construction of the expression cassette containing plasmids (pJD002 and
pJD003)
Both the WM5 (containing the rbcS la promoter) and DHA (containing the 35S
promoter) expression cassettes were released from their respective plasmids with £coRI,
the ends repaired, destroying the £coRI sites, and Notl linkers attached. The foundation
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plasmid (pJDOOl) was linearised with Notl and the WM5 and DHA expression cassettes
possessing the Notl Unkers were ligated into pJDOOl (Figure 2.1). Colonies were
screened by colony blotting and hybridisation. Putative colonies were tested for plasmids
releasing the expression cassette with Notl (Figure 2.2 a) and not able to be digested
with JEcoRI. These plasmids were designated: pJD002, releasing the WM5 expression
cassette; and pJD003, releasing the DHA expression cassette (Table 2.3, Figures 2.1,
2.2a). This gave two expression cassettes in a small, high copy number plasmid, into
which coding sequences could be inserted.
c) Construction of plasmids containing the Delila coding region (pJD004 and
pJD005)
pJD002 and pJD003 were linearised with BamtIL and Sail. The BamHi/Xhol excised
Delila coding region fragment was used because it has compatible overhangs, and ligates
into either pJD002 or pJD003 in the correct orientation in a unidirectional manner.
Colonies were screened for plasmids that release a BamHl and Sail Delila fragment
(note that Salt also cleaves in the codmg region) for two plasmids, pID004 (rbcS
la-.Delila) and pID005 (35S:Deina). pJD005 released the expression cassette
containing the coding region when restricted with Not! (Table 2.3, Figure 2.2a).
Attempts were made to create pJD004 but only clones that gave unexpected restriction
patterns resulted and further screening for them was discontinued due to time
constraints.
d) Construction of plasmids containing the gus coding region (pJD006 and
pJD007)
pJD002 and pJD003 were linearised with BamHS. and the cut ends were
dephosphorylated using CLAP. The gus coding region fragment was excised from
pGUS2 with BamHl, allowing ligation into the opened vectors. Colonies were screened
for plasmids releasing a fragment of the correct size (1.8 kb) with BeimHl. Gene
orientation was checked by restricting with Pstl. Finally, the plasmids were checked for
the Not\ release of the expression cassette containing the coding region (Table 2.3,
Figure 2.2a). This strategy generated two plasmids, pJD006 (rbcS la'.gus) and pJD007
(35S:gus) (Table 2.3).
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e) Construction of plasmids containing the myb.Ph2 coding region (pJDOOS and
pJD009)
pJD002 and pID003 were linearised with BcanHL. EcdSl-Xmn\ and BamHL-Xmnl
adapters were ligated to these vectors generating adapter modified pID002 and pID003
derivatives. The myb.Ph2 gene was released with EcoBl and ligated mto the adapter
modified pJD002 and pJD003. Colonies were screened for plasmids releasing a fragment
of the correct size (1.0 kb) with EcdKl. The correct gene orientation was checked by
restricting with Sail. Finally, the plasmids were checked for the ability ofNotl to release
the expression cassette containing the 1.8 kb coding region (Table 2.3, Figure 2.2a).
This gave two plasmids pJDOOS (rbcS Ja-.myb.Ph2) and pJD009 (35S:myb.Ph2) (Table
2.3).
f) Construction ofplasmids containing the Cl coding region (pJDOlO and pJDOll)
The plasmids containing the Cl coding region were constructed using a similar strategy
as that described for the myb.Ph2 containing plasmids. The putative recombinants were
screened with £coRI for the excision of a 1.1 kb band. These plasmids were also
checked to make sure that the expression cassette contaming the coding region was
excisable with Nofl (Table 2.3, Figure 2.2a). This gave two plasmids pJDOlO
(rbcS la'.Cl) and pJDOl I (35S:C7) (Table 2.3).
g) Construction of plasmids containing the B-Peru coding region (pJD012 and
pJD013)
The plasmids containing the S-Peru coding region were constructed using a similar
strategy as that described for the myb.Ph2 and Cl contaming plasmids. The putative
recombinants were screened with £coRI for the excision of a 2.0 kb band. The two
plasmids created, pJD012 (rbcS la\B-Peru) and pJD013 (35S:B-Peru), released the
expression cassette containing the codmg region when digested with the Not! enzyme
(Table 2.3, Figure 2.2a).
h) Confirmation ofplasmids by hybridisation
The Notl cut plasmids in Figure 2.2a were transferred to a membrane. Hybridisation of
probes to the cloned regions resulted in bands of the expected size (Table 2.3)
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hybridising strongly (Figures 2.2b and c). Weaker hybridisation to other fragments is
seen, and is attributed to conserved polylinker sequences. This information, together
with the restriction mapping, confirmed that the plasmids contained the correct coding
regions.
Table 2.3: A summary table of the pBluescript SK(+) based vectors.
Construct Promoter: coding Sizes of DNA when cut
number region: terminator with Notl (kb)
pJDOOl ml 2.90
pJD002 rbcS la:ml:NtSS23 2.90 + 2.05
pJD003 35S:nil:35S 2.90 + 0.72
pJD005 35S:DeUla:35S 2.90 + 2.82
pJD006 rbcS la'.gus\NtSS23 2.90 + 3.85
pJD007 35S:5iu:35S 2.90 + 2.52
pJDOOS rbcS la:myb.Ph2:NtSS23 2.90 + 3.10
pJD009 35S:nfyb.Ph2:35S 2.90 + 1.77
pJDOlO rbcS la:CrMSS23 2.90 + 3.15
pJDOll 35S:C7:35S 2.90 + 1.82
pJD012 rbcS la: B-Peru\NtSS23 2.90 + 4.02
PJD013 35S:5-Perw:35S 2.90 + 2.62
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Figure 2.1: Construction of the foundation plasmid and subsequent intermediate cloning
plasmids. pBluescript SK(+) was cut with Xho\ and Xbal, repaired and then re-
circularised to make pJDOOl. Two expression cassettes were cloned into the Notl site of
pJDOOl by repairing the EcdSl ends of the cassettes and adding Nbtl linkers generating
plasmids pJD002 and pJD003.
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Figure 2.2: Confirmation of the pBluescript or intermediate plasmid construction.
a) A photograph showing the Notl restriction pattern of the plasmids.
b) The Southern blot of a gel similar to that pictured in a) hybridised with probes for the
coding regions ofB-Peru and Cl.
c) The Southern blot of a gel similar to that pictured in a) hybridised with probes for the
coding regions ofDelila, myb.Ph2 and gus.
Signal strength varies from lane to lane due to unequal loading of DNA. The positive
lane contains DNA used to make the five probes. The other lighter bands arc a result of
vector sequence being amplified with the coding region, as well as some non-specific
binding.
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Figure 2.3: A plasmid map of pJD002. This map shows the restriction sites in the
plasmid. The genes that are subsequently inserted mto the multiple cloning region are
also shown.
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Figure 2.4: A plasmid map of pJD003. This map shows the restriction sites in the
plasmid. The genes that are subsequently inserted mto the multiple cloning region are
also shown.
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to have two inserts of the rbcS la'.gus chimeric gene in oriented in the same direction as
each other. Additionally, the 3 5 S: besr chimeric gene was divergently oriented to the
rbcS la'.gus doublet (Appendix Ib). Due to time constraints the construct was used in
this form.
The myc containing chimeric genes were cloned into the EcdSl site ofpID303 as
described above. pJDC6 was made by cloning in the chimeric gene from pJD012
(rbcS Ja:B-Peru). Mapping showed that the rbcS la:B-Peru insert was divergently
oriented to the 35S:bar chimeric gene (AppemUx 1c). pJDC6 was then linearised at the
Notl site and the Not\ excised chimeric genes from pJDOll (35S:C7) and pIDOlO
(rbcSla-.Cl) inserted to make pJDC7 and pJDC9 respectively (Appendbc Id and e).
Both pJDC7 and pJDC9 have their inserts oriented in the same direction as the 35S:bar
chimeric gene.
pJDClO was made by clonmg in the chimeric gene fi-om pID013 (35S:B-Peru).
After mapping the 35S;B-Peru insert was found to be oriented in the same direction as
the 35S:bar chimeric gene (Appendbc 1c). pJDClO was then linearised at the Nofl site
and the Nofi excised chimeric genes from pJDOll (35S:C7) and pJDOlO (rbcS la-.Cl)
inserted to make pJDCll and pJDC12 respectively. Both pJDCll and pJDC12 have
their additional inserts oriented in the same direction as the 35S:bar chimeric gene
(AppeiuUx If and g).
pJDC13 was made by inserting the chimeric gene from pJD005 (35S:Delvh).
After mapping, the 35S:Delila insert was found to be in a divergent orientation to the
35S:bar chimeric gene (Appendix 1c). pJDC13 was linearised at the Notl site and the
Notl excised chimeric genes from pJDOll (35S:C7) and pID009 (35S-.myb.Ph2) inserted
to make pJDC14 and pJDC15 respectively. Both pJDC14 and pJDC15 have their
additional inserts in the same orientation as the 35S:ftar chimeric gene (Appendbc Ih and
i).
All pID303 derived transformation vectors were checked by releasing the coding
region from the vector and expression cassette using appropriate restriction
endonucleases (Figure 2.7a).
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Table 2.4: A summary of the transformation vectors.
Construct Designated Vector Gene(s) Size of inserted
number symbol in expression cassette(s)
T.E. (kb)
pJDCl pART27 35S:C7 1.82
pJDC2 2 pART27 rbcSla'.Cl 3.15
pJDC3 3 pART27 35S:myb.Ph2 1.77
pJDC4 4 pART27 rbcS la-.myb.Ph2 3.10
pIDCS 5 pART27 35S:gus 2.25
pIDC6 6 pJD303 rbcS la'.B-Peru 4.02
pJDC7 7 pJD303 rbcS la-.B'Peru 4.02
+ 3SS-.C} 1.82
pJDCS 8 pJD303 rbcSla-.gus 3.85
pJDC9 9 pJD303 rbcS la: B-Peru 4.02
+rbcSla\Cl 3.15
pJDClO 10 pJD303 35S:B-Peru 2.62
pJDCll 11 pJD303 35S:B-Peru 2.62
+35S:C7 1.82
pJDC12 12 pJD303 3SS:B-Perv4 2.62
+rbcSla:Cl 3.15
pJDC13 13 pJD303 35S:Delila 2.82
pJDC14 14 pJD303 35S:DeWa 2.82
+ 35S-.myb.Ph2 1.77
pJDC15 15 PJD303 35S:Delih 2.82
+35S:C7 1.82
T.E is transformation experiments.
c) Confirmation ofplasmids with hybridisation
The restriction profiles of the pART27 and pJD303 derived plasmids shown in Figures
2.5a and 2.7a were transferred to membranes for hybridisation. Subsequent
hybridisations with each of the coding regions as a probe, correlated a dark band to a
band (or bands) of the expected size in the appropriate lane (Figures 2.5b, c and 2.7b and
c). This, together with the restriction mapping, confirmed that the plasmids contained
the correct coding regions.
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Figure 2.5: Confirmation of the pART27 derived transformation vector construction.
a) A photograph showing the Sad restriction pattern of the vectors.
b) The blot of a gel similar to that pictured in a) probed with the coding regions of B-
Peru. and Cl.
c) The blot of a gel similar to that pictured in a) probed with the coding regions of
Delila, myb.Ph2 and gus.
Signal strength varies from lane to lane due to unequal loading of DNA. The positive
lane contains DNA used to make the five probes. The other lighter bands are a result of
vector sequence being amplified with the coding region of interest, as well as some non-
specific binding.
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Fig. 2.6 Assembly of chimeric gene cassettes into the transformation vector. In this
example, cassettes expressing the Cl and B-peru regulators are excised with Notl and
sequentiaUy cloned into the binary transformation vector pJD303 to create pIDC7
The sequence of steps is indicated.
61
pJD002
pJDOOS
Not Not I Not I Not I
LU LL
NtSS23 MCSA. thaliana rbcSla 35S MCS 35S
3' region promoter promoter 3' region
1. Clone B-peru into 2. Clone C1 into
expression cassette expression cassette
\
/
pJD012 pjDon
/
Not Not I Not I
JI rlTrlf
A..-TA*
N1SS23 B-peru A 35S noter
3' region promoter region
\
Subclone A/ofl cassette3. Subcfone /Vofl c
to transformation vectorinto transformation
\ pJDC7
LB
\ 353
BAR
Unique Fcofll Unique Not\
/\ /\
/ \ / \
Not\ to EcoR\ adapters /
/ \remove Not\ site
/
/ \ \
/
/ \ \/
\ /
\/ /\ \/ /1 \ \
/r
H.r ;
NtSS23 B-peru A. thaiiana rbcSla 35S promoter C1 35S
3' region promoter 3' region
CHAPTER!
Figure 2.7: Confirmation of the pID303 derived transformation vector construction*
a) A photograph showing the Notl restriction pattern of the vector.
b) The blot of a gel similar to that pictured in a) probed with the codmg regions of
B-Peru and C7. (The loss of definition in this autoradiograph can be attributed to a
number of factors in both the hybridisation process and the imaging, however, on the
x-ray fihn the unages were clear enough for plasmid confu-mation.)
c) The blot a gel similar to that pictured in a) probed with the coding regions ofDelila,
myb.Ph2 and gus.
Signal strength varies from lane to lane due to unequal loading of DNA. The positive
lane contains DNA used to make the five probes. The other lighter bands are a result of
vector sequence being amplified with the coding region of interest, as well as some non-
specific binding. The other lighter bands are a result of vector sequence being amplified
with the coding region of interest, as well as some non-specific bmding.
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2.4 Discussion
In this chapter I have described the construction of a series of vectors. These vectors
enable pairs of genes to be effectively introduced into monocotyledonous and
dicotyledonous plants by both microparticle bombardment and transformation methods.
These vectors contain chuneric genes with uniform promoters and terminators, so that
comparisons of the coding regions of the anthocyanin regulatory genes in any given
experiment can be made. Five different anthocyanin regulatory coding sequences have
been inserted into two  M-excisable expression cassettes for transient expression
experiments. These were tested in transient expression experiments (described in chapter
3), and then 15 of the potential promoter and coding sequence permutations that could
be produced from these transient expression vectors were assembled into binary vectors
for transformation. Two criteria were used to determine which promoter and coding
sequence permutations were to be selected for use in the transformation vector. These
were, the coding regions most likely to interact and induce anthocyanin production, as
well as the combination of promoters least likely to produce silencing. The first criterion
favoured Cl and B-Peru combinations, because these have already been shown to be
compatible as myc and myb proteins. Only one 35S-.myb.Ph2 in combination with a
35S:Delila was made. This is because these genes are from different species and as this
combination was considered to have a small chance of activating anthocyanin expression,
this combination was accorded a low priority. Additionally, the Delila gene is known to
act only on structural genes in the lower pan of the pathway (Dooner ef a/., 1991), while
the myb.Ph2 codmg region has not been fully characterised. The inability to produce a
Notl excisable rbcS la'.Delila led to these coding regions being made a very low priority,
and as a consequence, combinations involving these expression cassette were not
attempted. One interesting combination was the a 35S:Delila and 35S:C7 (pC14). This
plasmid contains a gene (CJ) that can up-regulate the majority of structural genes and
one (Delila) that can act only on structural genes in the lower part of the anthocyanin
biosynthetic pathway. In constructing the transformation vectors, genes oriented in the
same direction were most sought after because they are believed to have the least chance
of being silenced (pers. comm. L. Tabe, D. Last and W. McNabb). Permutations of
genes that had promoters back to back were acceptable, although the likelihood of the
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promoters affecting each other in an adverse manner was increased. However, genes
that transcribed towards each other were unacceptable, being deemed the most likely to
produce silencing because of the possibility of transcription running through the
termination region.
This chapter details the production of a set of vectors that can be used in
microparticle bombardment and transformation experiments. The use of these
anthocyanin regulatory genes expressed from these vectors is described in chapters 3, 4
and 5.
64

CHAPTER 3
CHAPTER 3
TRANSIENT EXPRESSION OF ANTHOCYANIN
REGULATORY GENES IN CELL SUSPENSIONS
3.1 Introduction
Cell suspensions are aseptically cultured undifFerentiated cells. They can be collected in
large amounts for experiments requiring many repetitions and are unlikely to become
infected during incubation after transient expression experiments. Transient experiments
use the delivery ofDNA and its competant expression as a convenient and rapid assay of
a certain cell type. Three main types of DNA delivery have been used. These are the use
of chemical agents (for example polyethylene glycol [PEG]), electroporation and more
recently microparticle bombardment. The first two methods require the production of
protoplasts and the DNA is introduced by incubation in the chemical agent or with a
high-voltage electric pulse respectively. Microparticle bombardment introduces the
DNA into intact cells by precipitating it onto microparticles and delivering this mixture,
under a vacuum, by a process that has been termed biolistic bombardment, hi this
chapter two methods ofhelium microparticle delivery are used.
One of the aims of this chapter is to verify the functionality of the chimeric
anthocyanin regulatory genes described in chapter 2, before farther engineering them into
the transformation vectors. To date, only maize anthocyanin regulatory genes have been
able to mduce anthocyanin production in maize or closely related monocotyledonous
species cell suspension cultures when used for transient expression experiments. These
experiments with maize anthocyanin regulatory genes have demonstrated the presence of
encoded protein structures, as well as the interactions between these protein structures
and their associated protein classes (Goffet al., 1991; Roth et a/., 1991; Bodeau and
Walbot, 1992; GofF et al., 1992; Tuerck and Fromm, 1994). Since these previous
experiments are limited to monocotyledonous genes and cell lines, experiments in this
chapter test the ability of both monocotyledonous and dicotyledonous anthocyanin
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regulatory genes in cell Unes from both monocotyledonous and dicotyledonous plant
species.
During this project, difficulty was encountered in expressing maize anthocyanin
regulatory genes in dicotyledonous cell lines, and the dicotyledonous regulatory genes in
any cell line at all. This led to a comparison of microparticle bombardment methods to
ensure the most effective method of delivery. Additionally, the stoichiometry of the 3 5 S
driven maize anthocyanin regulatory genes was examined to ensure the most effective
concentration and ratio of plasmid DNA for delivery. Retesting of the maize
anthocyanin regulatoiy genes in a dicotyledonous cell line was then examined.
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3.2 Materials and methods
3.2.1 Plant culture
a) Making the petunia and Antirrhinum cell suspension
The petunia cell suspension (PET) was made from Petunia hybrida (Spinnaker Red
E.04. Bedding plants Aust. Ltd., T/m No. 442, 500). The ANT cell suspension was
made from Antirrhinum majus (Red Bloom, purchased at a local nursery)
Stems from each plant were stenlised by washing in 70% ethanol for 3 min, 12 g/1
available chlorine bleach solution for 15 mm and rinsed with sterile distilled water several
times. The outer surface was removed and the inner tissue placed on a solidified-agar
callus inducing medium (CSV; described by Scowcroft and Adamson, 1976) for 6-8
weeks. Growing callus was subcultured every 2-3 weeks and the original piece of plant
material removed. The most healthy and vigorously growing piece of callus was placed
in a sterile conical flask with CSV media so that the media just covered the callus (about
10 ml). This was then left to shake at 200 rpm at 24°C for 2 weeks. When the callus
had started to multiply more media was added (another 15 ml). Once a healthy growth
pattern was attained, which was defined as 2-5 ml of old cell suspension requiring
subculturing into 20-25 ml of media every 7 days, an aliquot was checked under the light
microscope for round, symmetrical cell growth. The culture was then accepted as a cell
.
suspension.
b) Other cell suspensions
Several different cell suspensions and media to culture them were used in these
experiments and are summarised in Table 3.1. Zea mays cv. Black Mexican Sweet
(BMS) cell suspension (Chourey and Zurawski, 1981) had been maintained for many
years at CSIRO Division of Plant Industry in MSEG2 media, a Murashige and Skoog
based medium (MS; Murashige and Skoog, 1962), described by Green and Phillips
(1975) with the addition of 300 mg/1 ofL-asparagine and 2 mg/l of2,4-D. Suspension
LI was initiated from immature embryos of the hexaploid Triticum aestivum cv.
Vilmorin 27 with two additional group 7 chromosomes from Thinopyrum intermedium
(P. J. Larkin and J. M. Gibson, unpublished results), and had been maintained for 10
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years in WtMl (described in Young et al., 1989). Suspension Np was derived from a
leaf protoplast culture ofNicotiana plwnbaginifoUa (A. Tassie, unpublished results) and
maintained for about 15 years in CSV media. Suspension Oc was initiated from a mature
embryo culture of Oryza sativa cv. Tapei 309 (Last et ai, 1991) and maintained in CM5
media (described in Last et aL, 1991). Suspension WL311 was derived from Medicago
sativa leaf callus (P. Stoutjesdijk and J. M. Gibson, unpublished results) and maintained
in B5h media (Gamborg and Eveleigh, 1968). Suspension Woog was derived from
TrifoUum subterraneum root pol callus (P. Stoutjesdijk and J. M. Gibson, unpublished
results) and maintained in L2PBZN media (5 ^M Picloram, 1.4 \tM BAP, 0.2 (lM
Zeatin. 0.2 flM NAA;PhUUp and Collins, 1984; modified by PStoutjesdijk).
Table 3.1: A summary of the cell suspension cultures used.
Weekly subculture regime
Suspension Species name Media Inoculum (ml) Fresh medium (ml)
BMS Zea mays MSEG2 5 20
OC/ER Oryza sativa CM5 5 20
LI Triticum aestivum WtMl 5 20
WL311 Medicago savita B5h-L 5 25
Np Nicotiana csv 3 30
plumbaginifolia
Woog Trifolium subterraneum L2PBZN 5 20
ANT Antirrhinum majus csv 2 ec* 30
PET Petunia hybrida csv 3 27
*The symbol ec indicates that the A. majus cell suspension required 2 ml of condensed cells minus the
media. This was obtained by allowing the suspension to setde, drawing off 4 ml and draining the media.
c) Subculturing cell suspensions
250 ml flasks covered with aluminium foil caps containing PF micro filters called Suncap
Closures (Sigma, St Louis, Mi) were autoclaved twice at 120°C for 20 min. The foil
was removed in a laminar flow hood and the neck of the flask flamed for 10 seconds.
Stenle 5 ml open pipettes (Sterilin, UK) were used for transferring suspension inoculum.
fresh medium was then added as outlined in table 3.1. The flask neck was flamed again
for 5 see and the foil filter replaced. All cell suspensions were grown at 24°C on an
orbital shaker at 120 revolutions per minute with a 12 h day length provided by cool,
white fluorescent light (30 (imole m"2 see'1; NEC, FL40SSD/37 DayUght Energy Saving
37 Watt).
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3.2.2 General microparticle bombardment of cell suspensions
a) Cell suspension preparation prior to biolistic bombardment
Four ml of 4-5 day old maize cell suspension was collected by vacuum filtration onto
Whatman No. 52 (5.5 cm diameter) filter paper and placed onto a plate ofMSEG2
nutrient agar. All other cell suspensions were plated on MSO, which is MS medium
from which growth regulators were omitted.
c) PIasmid preparation
The vectors used were pJD005 through to pJDOl3 (described in section 2.3.1), except
pJDOOS whose partner pJD004 was not made (described in section 2.3.1). The plasmid
DNA was purified using Qiagen-100 columns (Qiagen Inc., Chatsworth, CA, USA)
following manufacturer's instructions. Pre-washed gold particles (mean diameter is
1 micron; BioRad, Hercules, Ca, USA) were stored at -20°C at a concentration of 50
mg/ml in 50% glycerol in 50 nl aliquots. Specific amounts of pure plasmid DNA were
precipitated in Eppendorf tubes onto pre-washed gold particles, keeping tubes on ice
throughout the procedure. The amounts ofplasmid DNA (not exceeding 10 ^il) were
added to a 50 nl aliquot of the pre-washed gold particles followed by 50 ^l of
2.5MCaCl2, 20 nt 0.1 M spermidine, mbced by vortexing and incubated on ice for
20 mins. The mbrture was briefly centrifuged, washed in ethanol, resuspended in 60 ^il
ofethanol and an eighth of this nuxture (7.5 nl) placed onto the delivery device (BioRad,
Hercules, Ca, USA).
c) Micro-particle bombardment
i) Particle inflow gun (PIG)
The PIG was made on site at CSIRO, Plant Industry (described in Finer et a/., 1992). A
7.5 (^1 droplet of the DNA and gold particle mixture was placed onto the center of an
autoclaved screen, which was then placed inside a stainless steel 13 mm syringe filter
system (Figure 3.1). This was then attached to the outlet of the gas line. The plate
containing the recipient plant material was positioned 10 cm from the outlet to the target
cells and covered by a wire mesh (1 mm mesh, 9 cm diameter), approximately 1 cm from
the tissue. This was to prevent the cell suspension from jumping out of the dish with the
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force of the helium blast. A vacuum was drawn to -87 Kpa and held, before a measured
amount ofhelium, 12 Kpa, was released at 690 Kpa.
u) BioRadPDS-lOOO/Hegun
Micro-particle bombardment with the BioRad PDS-1000/He gun (Hercules, Ca, USA)
(Figure 3.2) utilised the accessories provided by BioRad Laboratories (Hercules, Ca,
USA) (Figure 3.2). A 7.5 \t\ aliquot of the DNA precipitated onto gold particles was
spread and dried onto a helium macro-carrier that had been sterilised in ethanol for 20
min. This was placed into the helium macro carrier holder, with the particles on the side
facing the stopping mesh and positioned 6 cm from the gun chamber roof and 6.5 cm
from the targeted cells. The target tissue plate was positioned 12.5 cm from gun
chamber roof and a vacuum drawn to -87 Kpa. A 1100 psi rupture disk was used to
deliver the particles at a constant velocity.
d) Cell suspension treatment after biolistic bombardment
After bombardment by either method, the plate containing the tissue was sealed with
Parafikn "M"®(American National CanT. Connecticut, USA) and incubated at 24°C for
2 days in cool, white fluorescent light (30 nmole m'2 see'1). GUS enzyme activity was
localised m tissues using 5-bromo-4-chloro-3-mdolyl glucoronide (X-Gluc) as a substrate
(Jefferson et al. 1987). The tissue was stained in 0.1 mM X-Gluc, 100 mM phosphate
buffer pH 7 (made by adding 34 ml of lOOmM NaH2P04.2H20 with 66 ml of 100 mM
Na2HP04.12H20), 0.3% Triton X-100 (w/v). 5 mM fern- and ferro-cyanate for 30-60
min under a vacuum. This was incubated for a further 4-16 h at 37°C. The numbers of
cells containing anthocyanin and GUS activity were scored using a stereoscopic
dissecting microscope.
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Figure 3.2: Illustration of the BioRad PDS-1000/He gun (Modified from the BioRad
manual).
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3.2.3 Microparticle bombardment for stoichiometric analysis
Two plasmids, pJDOll (35S:C7) which is 3.7 kb and pJD013 (35S:B-Peru) which is
4.5 kb, containing respectively a myb and a myc regulatory gene, were used to determine
the optimal myb\myc ratio and concentration for anthocyanin production in the BMS
maize cell suspension. All combinations of five levels of 35S:B-Pem and 35S:C7
(0.001 ug to 5 ng) were considered in a full factorial arrangement (Table 3.6). The
results of two experiments, each with three replicates, were subjected to a three way
analysis of variance usmg the log of the number of cells expressing anthocyanin (Genstat
5, 1994, Numerical Algorithms Group Inc.). All statistical analysis was done by Ross
Cunmngham at the Statistical Methods Consulting Unit at the ANU Department of
Statistics.
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3.3 Results
The results detailed in this section test the functionality of the chimeric anthocyanin
regulatory genes described in chapter 2 by mtroducing these genes into cell cultures in
transient expression assays. Eight cell lines were tested for their ability to accumulate
anthocyanin after microparticle bombardment with the anthocyanin regulatory genes.
Additionally, a comparison ofmicroparticle bombardment methods investigated the most
effective method of delivery into cell suspensions. From this comparison of
microparticle bombardment methods, stoichiometry of the 35 S driven maize anthocyanin
regulatory genes is examined. After determining the optimal stoichiometry of
anthocyanin expression, a dicotyledonous cell line is re-examined.
3.3.1 Verification of chimeric genes and screening of available cell
.
suspensions
All results described in this section are derived from using the Finer PIG and 4 ng DNA
of each plasmid construct per Eppendorftube of gold panicles. This resulted in 0.5 ^g
DNA of each plasmid delivered per shot. The introduction of single plasmids into any
suspension culture failed to induce anthocyanin production. All numbers in the tables are
averages (to the nearest whole cell) of three repetitions, except where stated. Initially,
sue available cell suspensions, made from different plant species, were used to test the
functional ability of the constructs described in chapter 2. The cultures used were BMS,
Oc, LI, Np, WL311 and Woog. As a positive control, these cultures were first
bombarded with the gus expressing constructs (Table 3.2).
It was clear that the Oc, Np and Woog cell lines produced more cells with GUS
activity than the other three lines. Using this procedure the WL311 culture was
unresponsive to either the DNA on the particles or the procedure. Overall, the construct
containing the 35 S promoter generated higher numbers of cells containing GUS in all six
cell lines than the construct containing the rbcS la promoter.
74
CHAPTER 3
Table 3.2: Expression of GUS activity in cell lines after the biolistic
introduction ofgus expressing constructs.
Cell lines 35S:gus rbcS la'.gus Repetitions
BMS 5±2 2±2 8
Oc 48 ±6 6±2 2
LI 5±2 3±2 2
WL311 1±1 0±0 2
Np 236±42 25 ±4 2
Woog 300±74 14±3 4
The average number of cells that accumulated GUS is shown, together with the standard
deviation (±).
Table 3.3: Numbers of cells accumulating anthocyamn 2 days after microparticle
bombardment with the expressed Cl and B-Peru chuneric genes.
Promoter driving B-Peru Promoter driving Cl Anthocyanin Repetitions
35S 35S 207 ± 32 4
35S rbcS la 142±27 4
rbcSla 35S 128 ± 19 4
rbcSla rbcSla 150 ±7 4
no construct 35S 0±0 4
no construct rbcSla 0±0 4
35S no construct 0±0 4
rbcSla no construct 0±0 4
The average number of cells that accumulated anthocyanin is shown, together with the standard deviation (±).
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Figure 3.3: Cells accumulating anthocyanin in a BMS cell suspension. This figure
displays an example of cells accumulating anthocyanin that were counted m these
biolistic bombardment experiments.
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Table 3.4; Comparison of anthocyanin expression in different cell suspensions
biolistically bombarded with the anthocyanin regulatory gene constructs.
Cell lines 35S:C7+ rbcSJa:CJ+ 35S:myb.Ph2 + Repetitions
35S:B-Peru B-Peru 35S:DeIih
Oc 166±47 15±9 0±0 2
LI 21 ±3.3 3±2 0±0 4
WL311 0±0 0±0 0±0 6
Np 0±0 0±0 0±0 6
Woog 1±0 0±0 0±0 6
Monocotyledonous cell lines are above the double line, and dicotyledonous cell suspensions are below it.
The average number of cells that accumulated anthocyanin is shown, together with the standard
deviation (±).
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As a positive control, the constructs containing the maize anthocyanin regulatory
genes were first tested in BMS, a homologous system (Table 3.3). A typical example of
cells accumulating anthocyanin is shown in Figure 3.3.
Table 3.3 shows that eachB-Peru chuneric gene functions with the corresponding
Cl chimeric gene, irrespective of which promoter was used to drive the genes.
However, neither CI nor B-Peru on its own, with either promoter, can cause cells to
accumulate anthocyanin.
Once it was established that the maize chimeric genes were functional, a number of
different cell suspensions were tested for a response to three chimeric anthocyanin gene
combinations (Table 3.4).
From Table 3.4 it can be seen that the maize anthocyamn regulatory gene
combinations were most successful at inducing the accumulation of anthocyanin in the
monocotyledonous cell lines, Oc and LI. Oc produced similar numbers of cells
containing anthocyanin as the BMS cell line in Table 3.3. Also, the 3 5 S promoter
containing maize genes induced more cells to produce anthocyanin than the rbcS la
promoter driven genes in the LI and Oc suspensions (Table 3.4). No response was
observed with the dicotyledonous anthocyanin regulatory gene combination in any cell
line. No response was observed in WL311 with any gene combmation, including
35S:gus expression (Table 3.2), indicating that this cell suspension was not receptive to
particles mtroduced by the PIG high-velocity bombardment method. The only result in
any dicotyledonous cell line, with any gene combmation, was the very poor response
seen with the Woog culture.
3.3.2 BioRad PDS-1000/He gun vs. PIG
During the second year of this project, the Division of Plant Industry at the CSIRO,
purchased the latest micro-particle accelerator device, the BioRad PDS-1000/He gun
(BioRad, Hercules, Ca). The BioRad gun (Figure 3.2) differs from the PIG (Figure 3.1)
in the method of delivery of the particles to the target tissue. In the PIG system, the
helium jet blasted directly onto the cells with such force that the cells were scattered
from the filter paper. The BioRad gun delivers the particles by a percussive method that
did not disturb the cells. The different efficiencies of the two guns was reflected by
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experimental results directly comparing the two instruments. To determine the most
efficient introduction of particles, measured by numbers of cells that accumulate
anthocyanin, the BMS cell line was biolistically bombarded with the 3SS:B-Peru and
35S:C7 constructs (Table 3.5). The BioRad system produced ahnost three times the
number of cells accumulating anthocyanin compared to the PIG system (Table 3.5).
Additionally, the numbers of BMS cells expressing GUS when bombarded with either
35S:gus or rbcS la-.gus using the BioRad gun (Table 3.6), increased 15 and 8 fold
respectively from those results obtained m Table 3.2.
Table 3.5: Comparison of the BioRad gun with the PIG
determined by anthocyanin accumulation after introduction of
35S:C7 and 35S:B-Peru into a BMS suspension.
Gun Anthocyanin Repetitions
BioRad 1069 ±36 3
Finer 385±74 3
The average number of cells that accumulated anthocyanin is shown,
together with the standard deviation (±).
Table 3.6: Numbers of cells expressing GUS when introduced
into the BMS suspension using the BioRad gun.
Plasmid GUS Repetitions
35S:gus 75 ± 13.2 3
rbcS la'.gus 15 ±6.5 3
The average number of cells that accumulated GUS is shown, together with
the standard deviation (±).
From these results, it was decided that it would be useful to know the optimal ratio
and concentration of the maize anthocyanm regulatory genes using the BioRad
PDS-1000/He gun. This would determine an optimum condition for generating
anthocyanin producing cells in the monocotyledonous system, and thus increase the
chances of achieving consistent levels ofanthocyanin expression in a dicotyledonous cell
line.
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3.3.3 Stoichiometry and optimal ratio/concentration of anthocyanin
regulatory genes determined, using the BioRad PDS-1000/He
gun
The ratio and concentration of the maize anthocyanin regulatory genes for optimal
anthocyanin expression was determined in a BMS cell suspension using the 35S:C7 and
the 35S:B~Peru plasmids in combination. Statistical analysis of the data (see Table 3.7),
showed the effects of different amounts of35S;C7 and 35S:B-Peru plasmids and their
interaction upon anthocyanin production. The data could be more parsimoniously
accounted for using semi-parametric smoothing (Figure 3.4). The analysis indicates that
there is a non-Iinear effect due to the 3SS:B-Peru gene, a non-linear effect due to the
35S:C7 gene and also strong evidence (p< 0.003) of an interaction between the two
genes. The results show that the number of cells containing anthocyanin generally
increased with increasing amounts of 35S:C/ and 35SJS~Peru plasmid DNA. Three
clear findings were obtained.
First, at low concentrations (0.001 ng, which is the weight of DNA used to
prepare the particles, of which 1/8 was used per shot) of35S:C7 (myb), a lOOx excess of
the 35S'JS-Peru (myc) plasmid was needed before a significant response was observed.
In contrast, in the presence of low concentrations (0.001 ^g) of 35S:B-Peru, even a
5000x excess of35S:C7 resulted in no significant increase in response (Table 3.7).
Secondly, 5 ^ig of both the 35S:C7 and 35S:S'Peru m the microparticle
preparation was suboptimal compared to 1 ng of each.
Thirdly, the highest number of cells accumulating anthocyamn was attained by
using particles prepared with 1 ng of the 35S:B-Peru and 1 ^tg of the 35S:C7 plasmid.
Preliminary retesting of the Woog cell line with three combinations of35S:B-Peru
and 35S:C7 constructs indicated that 1 ng of each plasmid was optimal and that the
BioRad gun improves the sensitivity of the cell lines for production of anthocyanin
(Table 3.8). However, due to the low numbers of cells accumulating anthocyanin in this
cell line, it would require many repetitions to establish statistically significant differences.
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Table 3.7: The effect of varying the indicated amount of both 35S:B-Peru and 35S:C7
plasmids on the numbers ofBMS cells accumulating anthocyanin.
35S:C7 (myb) DNA(^g)
0.001 0.01 0.1 1.0 5.0
0.001 0±0 0±0 0± 0.7 2 ±1.6 0±0
35S:B-Peru 0.01 1± 0.5 1± 0.6 3 ±1.7 4±2.1 4± 3.8
(myc) 0.1 10 ±4.7 23 ± 13.0 110±3l 152 ±21 76 ±18
DNA (ng) 1.0 23 ±6.2 632 ±200 1321 ±2802462 ±450634 ± 14
5.0 30 ±11 525 ± 130 1496 ±420 895 ±220 777 ± 17
Numbers of cells accumulating anthocyanin after the BMS cell suspension was biolisdcally bombarded
with the indicated amount ofDNA is shown. The average (± standard error) for the two experiments is
shown. The indicated weights ofDNA are the weights used to prepare the particles, of which l/^ was
used per shot
Table 3.8: Woog cell line, biolistically bombarded with three
combinations o{35S:B-Peru and 35S:C7.
35S:C7(ro>/b)DNA(ng)
0.1 1.0 5.0
35S:B-Peru 0.1 24 nt nt
(myc) 1.0 nt 36 nt
DNA(ng) 5.0 nt nt 28
Nt represents not tested. The numbers indicating cells accumulating anthocyanin
are means of a duplicate experiment.
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3.3.4 Screening of PET and ANT cell suspensions
The PET and ANT cell lines did not respond to any of the anthocyanin regulatory genes
introduced either on their own or in combinations. The only response detected was
observed in the PET cell line bombarded with the 3SS:gus construct, resulting in a mean
of 24 GUS producing cells per experiment. Since the ANT cell line did not respond to
the 3 5 S :gus construct under any condition used it was concluded that it, like the WL3 11,
was not receptive to particles introduced by high-velocity microparticle bombardment.
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Figure 3.4: A graphical representation of the statistical model obtained by smoothing the
raw data and analysing it with 3 degrees of freedom. The graphical representation is
rotated to show two views. In a) and b) the scales are logarithmically portrayed to
clearly show the three effects observed at low, optimal and high concentrations of the
35S:C7 and 35S:B-Peru plasmids. The axes are converted to the observed numbers by
using a natural log. That is, log(x) = -2
-.^-2Therefore, x = e
which is about 0.1.
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CHAPTER 3
3.4 Discussion
3.4.1 Verification and testing of the chimeric genes
When the numbers of cells expressing a particular gene product were compared, an
obvious difference was observed between the two promoters used. For example, the gus
coding region expressed from the 35 S promoter produces more cells expressing GUS
than from the rbcS la promoter in all cell lines tested. Similarly, the numbers of lines of
cells able to accumulate anthocyanin were greater when combinations of the coding
regions with the 35 S promoter were used, compared with the rbcS la promoter. It is
worthy of note that the rbcS la promoter can function well in suspension cultures, in
which there are no mature chloroplasts. Ribulose bisphosphate carboxylase is the very
abundant protein responsible for COz fixation in the chloroplast (Highfield and EUis,
1978).
These results reflect the varied abilities of these chimeric genes to be translated, the
protein processed and the encoded regulators to recognise their target sequences m the
different cell lines. Differences between the monocotyledonous and dicotyledonous cell
lines were observed. The three monocotyledonous cell Imes produce more cells
containing anthocyanin than the three dicotyledonous cell lines when bombarded with the
same combinations of vectors. However, the three dicotyledonous cell lines produce
more cells expressmg GUS than the three monocotyledonous cell lines. The GUS and
anthocyanin reporter systems are vastly different. GUS expression is due to a single
gene that is independent of the cells genes and is used as a measure of each biolistic
bombardment method to deliver a gene into each cell type. The amount of GUS
expression observed indicates each cell types ability to survive microparticle
bombardment. It is also an indication of the cells capacity to be able to transcribe and
translate with a certain promoter. Anthocyanin accumulation occurs by the interaction of
the proteins from the introduced genes with a number of the cells anthocyanin structural
genes, and thus effect a biochemical pathway in the cell. Anthocyanin accumulation is a
function of the ability of the cell to survive microparticle bombardment, as well as the
proficiency of the cells anthocyanin 'machinery' to interact with the proteins produced by
the introduced genes. For example. in the Np cell line 236 cells accumulated GUS when
bombarded with the 35S'.gus construct. In contrast, when the 3 5 S maize regulatory
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genes were mtroduced into this this cell line, no cells accumulated anthocyanin. This
information suggests that the cells are receptive to microparticle bombardment and can
transcribe and translate proteins with the 35S promoter. However, the information also
suggests that the anthocyanin 'machinery' in these cells is either non-existent or unable
to function. In general, the results show that the gus coding region works better m
dicotyledonous cell lines and the maize anthocyanin regulatory genes work better in
monocotyledonous cell lines. This work also indicates the varied functional ability of the
maize anthocyanin regulatory genes in dicotyledonous cell lines.
In order for a cell suspension to be able to transiently express a biolistically
introduced gene, the cells have to be able to survive the particular microparticle
bombardment method as well as transcribe and translate the introduced coding region.
The bombarded WL311 and ANT cells were not able to accumulate GUS or
anthocyanin, which was probably a function of their inability to survive microparticle
bombardment. Both the Woog and the BMS cell suspensions showed increased numbers
of cells accumulating anthocyanin and GUS when the biolistic method of particle
introduction was changed from the PIG to the BioRad particle delivery system verifying
that the results are dependant upon the microparticle bombardment method used. This
indicates that the cells ability to survive microparticle bombardment with the BioRad
particle delivery system is greater than with the PIG.
The e?cperiments described in this chapter show that both the 35 S and the rbcS la
promoter were able to effectively drive the expression of either the gus or the maize
anthocyanin regulatory coding regions in a variety of cell lines. This indicates that the
methods used to create these constructs had not destroyed their function. Therefore, the
lack of anthocyanin production found with the dicotyledonous anthocyanin regulatory
genes in all cell lines tested, excluding the WL31 1 and ANT cell lines, must be attributed
to other factors. Some explanations for the lack of success with the dicotyledonous
regulatory genes might be:
(a) that a myc and myb anthocyanin regulatory gene needs to be derived from the same
species and cannot complement a family member from another species;
(b) that because the Delila gene regulates only the lower part of the anthocyanin
pathway an additional complementary regulatory gene is needed to produce a metabolic
flux through the upper part of the anthocyanm pathway;
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(c) that the myb.Ph2 has not yet been shown to be a functional cDNA.
Possible ways to test these explanations may involve: complemention studies in a
myb.Ph2 or a Delila mutant cell line; sequencing across the clones and making a
comparison with the published sequences; examining if the coding sequences are
transcribedin these constructs; and seeing if each clone can make protein in a cell free
transcription/translation system.
3.4.2 A model to explain the stoichiometric results
Figure 3.5 is a model proposed to explain the patterns of responses to the regulatory
genes in the maize cell suspension. It is assumed that the number of anthocyanin
containing cells correlates with the effectiveness of the biolistically introduced genes to
activate the biosynthetic pathway. More particles are shot than anthocyanin containmg
cells are observed. Therefore the stochastic likelihood of a particle inducing anthocyanin
in a cell increases as the gene combination approaches that optimal for expression. It is
also assumed that no endogenous anthocyanin regulatory genes are active in the cells. It
has been established that the B-Peru (Myc) protein contains sites that (a) interact with
Cl (Myb; Figure 3.5a) or (b) can bind to other Myc proteins for (homo)oligomerization
(Goffet a/., 1992; Figure 3.5c). The Cl (Myb) protein has sites for (a) DNA binding
(Figure 3.5a), (b) an interaction with the Myc proteins (Figure 3.5c) and (c)
transactivation of the target gene (Goffet a/., 1992) (Figure 3.5a). The proposed model
assumes, as did Bodeau and Walbot (1992) and Bowen (1993), that identical promoters
used to drive the different regulatory genes will give sunilar levels of transcnption and
translation.
In the model proposed, the trends observed at low concentrations (0.001 ng) of
the plasmids contammg the maize regulatory genes are due to the B-Peru protein being
sequestered away by other transcriptional factors unrelated to anthocyanin production.
In transformation experiments it has been shown that the anthocyanin myc type
regulatory genes, like B'Peru, can effect trichome numbers in Arabidopsis (Lloyd et al.,
1992), proanthocyanidm synthesis in Lotus comiculatus (F Damiani, F Paolocci, PD
Cluster, S Arconi, GJ Tanner, RG Joeseph, YG Li, J de Majnik and PJ Larkin,
unpublished) and create unregenerable callus in Petunia (Quattrocchio et a/., 1993).
Therefore, the B-Peru protein is likely to interact with other unidentified proteins to
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mediate the biological effects above. In this system it appears a threshold of B-Peru
protein must be attained m order to saturate binding sites not involved in anthocyanin
biosynthesis before anthocyanin production can be induced (Figure 3.2b).
The model further proposes that the suboptimal anthocyanin expression at high
levels of Myb (Cl) protein are due to excess Myb proteins sequestering general
transcription factors and hence reducing overall rates of transcription, a process called
"squelching" (Ptashne 1988). If this is the case, activity would be restored with the
addition of the missing factors as demonstrated by Tavemarkis and Thireos (1995) in
yeast cells. This effect is more likely to be associated with the Cl (Myb) protein rather
than the B-Peru (Myc) protein, because the Cl protein has been shown to interact with
the native transcription factors on its own (Figure 3.5c; Goff et aL, 1992). The
reduction of anthocyanin expression at the highest level of the introduction of the
35S:B-Peru plasmid may be due to the formation of non-functional homo-dimers of the
Myc (B-Peru) proteins (Figure 3.5c; GofF et al., 1992). This tendency of the Myc
proteins to dimerise has also been demonstrated in Drosophila and other Myc proteins
(Murre et al., 1989a, 1989b). Another example of dimerisation under these conditions
has been documented by Beijersbergen et al. (1994) with the c-myc protein, of the
mammalian system, where excess c-myc bound to itself forming homodimers and
resulted in reduced transcription of its target gene(s). Bodeau and Walbot (1992) have
also reported that high levels ofMyc protein suppressed the numbers of cells producing
anthocyanin in transient expression studies. The results presented here demonstrate that
an excess of either regulatory family suppresses anthocyanin accumulation m maize cell
»
suspensions
3.4.3 An optimal ratio/concentration for the maize anthocyanin regulatory genes
using the BioRad PDS-1000/He gun
The ratio and concentration of the 3 5 S driven maize anthocyanin regulatory genes
obtained with a lug: lug plasmid level in the microparticle preparation produces
maxunum expression for activation. The Woog cell suspension confirmed that at this
level, the maize anthocyanin regulatory genes are most likely to activate anthocyanin in
biolistic bombardment experiments oflegume tissues. This level of regulatory genes was
used in experiments detailed in Chapter 4.
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Figure 3.5; A simplified model of the B-Peru and Cl protein interactions. This attempts
to explain the patterns of anthocyanm expression seen at low, optimal and high
concentrations. This model uses a number of shapes to represent the different
interactions. The Cl (Myb) protein contains a DNA binding domam represented by a
semi-circle, a Myc protein interaction site represented by a square and a transactivation
site represented by a triangle. The B-Peru (Myc) protein has sites that interact with Cl,
represented by an indented square, and a site that binds to other Myc proteins. The
general transcription factors bind to the Cl protein indicated by the indented triangle and
also bind to the DNA.
a) At the highest level of anthocyanin expression (1 ng of each plasmid DNA), the
interactions between the Myc proteins, the Myb proteins and the other general
transcription factors, must create protein complexes at optimal levels for interaction with
the DNA promoter sites. Transcription occurring at its highest level is indicated by a
plus sign.
b) The sequestering ofB-Peru proteins by unrelated transcription factors is represented
at low Myc.
c) The reduced numbers of cells containing anthocyanin at high concentrations of the
B-Peru and Cl proteins, represented by these two complexes, may occur from either a
binding or a squelching mechanism, or a combination of both mechanisms.
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CHAPTER 4
TRANSIENT EXPRESSION OF ANTHOCYANIN
REGULATORY GENES EN LEGUME TISSUES
4.1 Introduction
The regulation ofanthocyanm biosynthesis in maize has been extensively examined in
monocotyledonous cell lines (see section 3.1). Maize anthocyanin regulatory genes have
also been shown to induce anthocyanin when introduced into whole tissues of sorghum,
sugarcane, members of the Orchidae and Amaryllidaceae by Bowen et al. (1991), as well
as in rice and wheat by McKinnon el cd. (1996). In chapter 3 the maize anthocyanin
regulatory genes, Cl and B-Peru, were shown to be able to induce anthocyanin in a cell
line from clover. The work detailed here extends the results described in chapter 2 to
differentiated dicotyledonous tissues.
A detailed examination of anthocyanin regulatory genes expressed m
dicotyledonous plants following delivery by microparticle bombardment has never been
described. Petunia is the only dicotyledonous species that has had anthocyanin
regulatory genes biolistically introduced into its leaves (Quattrocchio et a/., 1993).
Quattrocchio et al. (1993) demonstrated activation of anthocyanin in young leaves and
no effect in older leaves using the Lc gene driven by the 35 S promoter. The only other
evidence to indicate that anthocyanin regulatory genes will be able to function m biolistic
bombardment assays of dicotyledonous plant species are transformation experiments of
Arabidopsis, tobacco and tomato showing the effect of their expression (Lloyd et al.,
1992; Mooney et a/., 1995). These microparticle bombardment and transformation
studies indicate that anthocyanin regulatory genes from some different species are
functionally similar. Therefore the aim of this work was to determine anthocyanin
expression in legumes. A secondary outcome was to investigate the potential of using
the anthocyanin regulatory genes as markers for microparticle bombardment experiments
in legumes. The optimum concentration of regulatory gene DNA, as determined by the
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results presented in chapter 3, was used to explore their transient expression in various
tissues of two legume species, pea (Pisum sativa) and white clover. The results
presented will show that the anthocyanin regulatory genes can function in differentiated
legume tissues and therefore should function in legumes transformed with these genes.
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4.2 Materials and methods
4.2.1 Plant culture
The young leaves and roots from sweet corn seedlings purchased from a local nursery
were used as controls for these rmcroparticle bombardment experiments. Mature fully
expanded leaves and sepals from the 1st and 2nd intemodes were harvested from white
clover (Trifolium reports) cultivar Haifa. Pea tissues were harvested from mature plants
that were flowering and producing pods. The four cultivars of peas (Pisum sativa)
tested were Greenfeast (Rumsey and Son., Vie., Aust.), Dundale (Victorian Department
of Agriculture, Horsham., Aust.), Bohatyr (NSW Depanment of Agriculture, Wagga.,
Aust.) and Laura (SA Department of Agriculture, Aust). Pea leaves and stipules used in
experiments were young, fully expanded tissues located on the lateral meristems (for
leaves) or where the lateral meristemsjoin the main stalk (for stipules).
Petals were surface sterilised in 50% ethanol for 1 min, followed by 1 min in 5 g/1
available chlorine bleach solution, while all other plant tissues were surface sterilised in
70% ethanol for 1 min, followed by 5 min in 5 g/l available chlorine bleach solution. All
tissues were rinsed with sterile distilled water several tunes at the end of the sterilisation
proceedure.
Roots and cotyledons were dissected from sterile seed germinated for 2 weeks.
Seeds were sterilised by rinsing in 70% ethanol for 5 mm, 12 g/L available chlorine
bleach solution for 15 min, washed with sterile distilled water several times and
germinated on wet filter paper, in sterile petri dishes, at room temperature.
All plant tissues were plated on MSO (described in 3.2.2) containing 5 mg/ml of
antibiotic nux TunentinT (Smith/Clme, Beecham Aust. Pty Ltd., a 30:1 w/w mixture of
sodium ticarcillin and potassium clavulanate) to reduce bacterial growth during the
incubation period.
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4.2.2 Microparticle bombardment
The microparticle bombardment procedure was carried out usmg the BioRad
PDS-1000/He gun as described in 3.2.2. The microparticle bombardment procedure in
this used the optimal concentration and ratio determined in previous experiments, which
was 1 ng of the 353-^-Peru containing plasmid and lug of the 35S:C7 containing
plasmid in the microparticle preparation, to try to induce anthocyanin in various tissues
oflegumes. One eigth of the particle preparation was used per plate of tissue.
For the GUS controls 1 ng of the gus containing plasmids was used in the
microparticle preparation and staining for GUS activity was carried out as described in
section 3.2.2.
Additionally, the tissues were placed on the plate in such a way as to occupy the
entire target zone for the particles. Thus repeats were comparable.
4.2.3 Thin layer chromatography (TLC) of plant flavonoids
Flavonoids were extracted as in Holten et al. (1993b), analysed by TLC on a 1 mm thick
cellulose coated TLC plate (an. no. 5730; Merck, Darmstadt, Germany) and developed
in water saturated 5-butanol. The flavonoids were enhanced by spraying with 1% (w/v)
diphenylboric acid 2-amino-ethyl ester (DPA; Sigma, St Louis, Mi) dissolved in 100%
methanol, followed by 10% (w/v) polyethyleneglycol 6000 (PEG; Sigma, St Louis, Mi)
dissolved in 100% ethanol (Wagner et al. 1984). They were visualised using a UV light
source of 254 nm in wavelength.
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4.3 Results
These experiments extend the results described in chapter 3 to dififerentiated
dicotyledonous tissues. This is necessary because detailed microparticle bombardment
experiments using anthocyanin regulatory genes have never been described for
dicotyledonous plants. The results examine the action ofanthocyanin regulatory genes in
microparticle bombardment experiments of two legume species, pea and white clover.
4.3.1 Biolistic introduction of the Cl and B-Peru expressing constructs
into legumes
In order to determine if the maize anthocyanin regulatory genes would induce
anthocyanin biosynthesis in legume tissues, they were biolistically introduced mto white
clover and pea tissues using maize as a control. As an additional control, 35S:gus or
rbcS la'.gus was also used to assess the effectiveness of the biolistic procedure. The
B-Peru, Cl and gus genes were driven from either the 35S (Table 4.1) or rbcS la (Table
4.2) promoter. GUS expression and anthocyanin synthesis was induced with either
promoter in several tissues of maize (Figure 4. la), as well as in certain tissues of two
species of legumes (Figure 4.1b, c, e, f). The 35S promoter consistently produced
greater numbers of cells accumulating either anthocyanin or GUS than the rbcS la
promoter (Tables 4.1 and 4.2). The pattern of anthocyanm induction in legumes is
distinct for each species.
(a) White Clover
White clover tissues responded to the maize anthocyanin regulatory genes driven by
either promoter only when myb and myc genes were introduced in combination (Figure
4. lb). The introduction of one regulator alone did not result in anthocyanin production
(Tables 4.1 and 4.2). Cells that accumulated anthocyanin occurred most often in the
leaves, followed by the sepals, cotyledons, petals and roots. The best expression was
achieved when anthocyanin regulatory genes were driven by the 35 S promoter (Table
4.1). Numbers of cells that accumulated anthocyanin when the rbcS la promoter was
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used instead of the 35S were too low to draw any conclusions (Table 4.2). A
comparison of GUS to anthocyanin expression suggests that sepals and leaves are the
tissues most responsive to the regulators (Table 4.1).
The numbers of cells that accumulate anthocyanin or GUS in white clover tissues
are in general much lower than those observed for the pea cultivars.
(b) Pea
The anthocyanin accumulation occurred in at least some tissues of all pea cultivars tested
(Tables 4.1.4.2 and 4.3).
In all pea cultivars the cotyledon produced much higher numbers of cells
expressing anthocyanin than GUS. Control treatments, where gold particles without
plasmid DNA were used, also produced many more cells accumulating anthocyanin than
GUS (Table 4.1) which suggests that the high numbers are not a response to the
introduced regulatory genes. This suggests that the accumulation of anthocyanin in pea
cotyledons was due to an endogenous wounding response produced by the gold particles
(Table 4.1).
The four pea cultivars separated into three classes based on comparisons of their
endogenous anthocyanin accumulation in mature tissues and the responses of these
various tissues to the expression ofmtroduced anthocyanm regulatory genes.
The first class contains the cv. Dundale. Cultivar Dundale was characterised by a
requirement for the biolistic mtroduction of both maize anthocyanin regulatory genes.
Additionally, cv. Dundale was the only cultivar tested that naturally produced
anthocyanin in various tissues (Tables 4.1, 4.2 and 4.3; Figure 4.1c and d). The
introduction of any one regulatory gene construct alone did not result in a detectable
enhancement in anthocyanin production (Tables 4.1 and 4.2). When the anthocyanin
regulatory gene constructs were introduced m combination, they induced anthocyanin in
all tissues tested (Tables 4.1 and 4.2, Figure 4.1c). The majority of the cv. Dundale petal
is already covered with cells that endogenously express anthocyanin (Table 4.3, Figure
4.1c). Therefore the accumulation ofanthocyanin could only be detected near the sepal
(or basal) end of the petal, where anthocyanin was not endogenously produced (Figure
4.1c). Since less surface area was available to score for biolistic induction of
anthocyanin, lower numbers of cells scored positive for anthocyanin accumulation as
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compared to the other cultivars (Tables 4.1 and 4.2). Consistent with this, the numbers
of petal cells expressing GUS was sinular m all of the cultivars (Tables 4.1 and 4.2).
The second class contains the pea cv. Laura. This cultivar was characterised by no
endogenous anthocyanm in any tissues (Table 4.3). However, delivery and expression of
both maize anthocyanin regulatory genes induced anthocyanin m all tissues tested (Tables
4.1 and 4.2, Figure 4. Ie and f) which was similar to the pattern observed in cv. Dundale.
Unlike cv. Dundale, cv. Laura also produced anthocyanin in all tissues when the
3 5 S '£-Peru construct alone was introduced, however, fewer cells accumulated
anthocyanin compared to tissues bombarded with both regulatory genes (Table 4.1).
Finally, cultivars Bohatyr and Greenfeast formed the third class. These cultivars,
like cv. Laura, had no endogenous anthocyanin expression in any tissue (Table 4.3).
Unlike cv. Laura, not all tissues accumulated anthocyanin when the maize anthocyanin
regulatory genes were introduced. A response to maize anthocyanin regulatory genes
was observed in the roots and the petals but not m the leaves or stipules (Tables 4.1 and
4.2). GUS activity driven from the same promoters as those expressing the anthocyanin
regulatory genes was sufficiently high in the various tissues to suggest that these
di£Ferences with regulatory genes were significant. As in the cv. Laura, anthocyanin
accumulation can also be elicited by just the 35S:B-Peru construct, but again with a
lower response than when both families of genes were introduced into and expressed in
plant tissues (Table 4.1).
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Table 4.1: GUS or anthocyanin accumulation in various tissues resulting from biolistic
bombardment of the 3 5 S promoter containing plasmids
Plant Tissue GUS Anthocyanin Repeats
3SS:gus 35S-.CJ/B 35S:C7 35S-.B control
Maize leaves 23 ^1000 0 0 0 2
roots 80 600 0 0 0 2
White leaves 53 20 0 0 0 5
Clover sepals 15 12 0 0 0
cotyl 57 4 0 0 0 2
roots 48 2 0 0 0
petals 7 4 0 0 0 3
Pea leaves 441 187 0 0 0 3
Dundale stipules 112 21 0 0 0 2
cotyl 25 >1000 >1000 >1000 >1000
roots 728 37 0 0 0 2
petals >1000 64 0 0 0 2
Pea leaves 360 175 0 3 0 2
Laura stipules 653 19 0 7 0
cotyl 42 >1000 >1000 >1000 >1000
roots 100 40 0 47 0
petals >1000 >1000 0 >1000 0
Pea leaves 608 0 0 0 0 3
Greenfeast stipules 208 0 0 0 0 2
cotyl 31 >1000 >1000 S1000 S1000
roots 250 60 0 28 0 2
petals ^1000 >1000 0 6 0 2
Pea leaves 345 0 0 0 0 2
Bohatyr stipules 600 0 0 0 0 2
cotyl 42 >1000 >1000 >1000 >1000
roots 180 125 0 55 0
petals >1000 >1000 0 20 0 2
These values are averages of the repetitions for each tissue. The headings GUS and Anthocyanin are the
number of cells accumulating each product. Controls are gold particles without DNA. B stands for the
coding region B-Peru. Cotyl stands for cotyledons.
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Table 4.2: GUS or anthocyanin accumulation in various tissues resulting from biolistic
bombardment of the Arabichpsis rubisco small subunit promoter (rbcS la) containing
plasmids.
Plant Tissue GUS Anthocyanin Repeats
rbcS Sa'.gus rbcS la:Cl/B control
Maize cell suspension NT >1000 0 4
leaves NT 230 0 2
roots 10 105 0 2
White Clover leaves NT 2 0 3
roots NT 0 0
petals NT 0
Pea leaves 175 75 0 2
Dundale stipules 83 10 0 2
roots NT 0 0
petals >1000 20 0 2
Pea leaves 200 5 0 2
Laura stipules 250 18 0 2
roots NT 0 0
petals >1000 50 0 2
Pea leaves 180 0 0 2
Greenfeast stipules 101 5 0 2
roots NT 0 0
petals >1000 32 0 2
Pea leaves 180 2 0 2
Bohatyr stipules 101 0 0 2
roots NT 0 0
petals S1000 456 0 2
These values arc averages of the repetitions for each tissue. The columns GUS and Anthocyanin show
the number of cells accumulating each product. Controls are gold particles without DNA. B stands for
the coding region B-Peru. NT indicates that the tissue was not tested.
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Table 4.3: A summary of the tissues that accumulate endogenous anthocyanin compared
to the responses observed to biolistic bombardment with the anthocyanin regulatory
genes B-peru and Cl.
Endogenous Endogenous B and Cl 5 alone B and Cl
Plant anthocyanin anfhocyanin in induced induced mduced
in petals other tissues anthocyanin anthocyanin anthocyamnin
in petals petals other tissues
WCHaifa none varied + L,S.R
PDundale purple nodal ++ L,S.R
. *
junctions
P Laura none none +++ +++ L,S,R
P Greenfeast none none +++ + R
PBohatyr none none +++ + R
B stands for the coding region B-Peru, R for roots, L for leaves and S for stipules. P stands for pea
cultivars and WC stands for white clover. Nodal junctions are the points at which branches (usually
surrounded by a stipule), tendrils and pedoles leave the main stem. More pluses indicates more
anthocyanin.
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Figure 4.1: Photographs of pea and white clover tissues.
a) A maize root with a cell expressmg anthocyanin two days after microparticle
bombardment with both 35S:C7 and 35S:B-Perv (25x).
b) A white clover with a leaf cell clearly expressing anthocyanin two days after
microparticle bombardment with both 35S-.C7 and 35S:B-Peru (68x).
c) Anthocyanin accumulation in pea petals of cv. Dundale showing the basal portion of
the petal where endogenous anthocyanin is low and biolistic induction can be assessed
(8x).
d) The basal part of a pea petal from cultivar Dundale two days after microparticle
bombardment with both 35S:C7 and 35S:B-Peru (40x).
e) A petal from cultivar Laura with cells expressmg anthocyanin two days after
microparticle bombardment with both 35S:C7 and 35S£-Peru (40x).
f) A root from cultivar Laura with cells expressing anthocyanin two days after
microparticle bombardment with both 35S:C7 and 35S:B'Peru (40x).
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Figure 4.2: Photograph of pea flavonoid extracts after TLC separation and visualisation.
Equivalent amounts of tissue extracts were loaded onto a TLC plate and compared to 1
Ug of standard flavonols. The standards were used as positive controls to ensure that the
TLC ran correctly. They were also used to line up possible substrates, m order to crudly
determine the types of flavonoids present in the tissue extracts. This figure shows that
the petals of all the pea cultivars had lower concentrations and fewer types of these
flavonoids compared to the leaves and stipules. Migration of the flavonoids on the TLC
plates is towards the top of the page.
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4.3.2 Biolistic introduction of the plasmid constructs expressing
myb.Ph2 and Delila into legumes
In order to determine if the dicotyledonous anthocyanin regulatory genes would induce
anthocyanin biosynthesis in legume tissues, the 35S-.myb.Ph2 and the 35S:Deljla
constructs were biolistically introduced mto the leaves and petals of all plants tested in
Tables 4.1 and 4.2. Neither construct induced anthocyanin in any tissue when introduced
either in combination or individually. This was consistent with the results found in
previous experiments where the constructs did not induce anthocyanin synthesis in any of
the cell suspensions tested.
4.3.3 An inverse relationship exists between endogenous levels of
flavonoids and biolistic induction of anthocyanin synthesis
The variability of anthocyanin accumulation between various pea tissues hinted that a
number of factors might affect anthocyanin accumulation in subsequent transformation
experiments with legumes. Holton et aL (1993a) had shown that an antisense flavonol
synthase gene altered anthocyanin expression when expressed in tobacco. They
suggested that fiavonols and anthocyanin competed for a common substrate. It therefore
seemed logical to examine the flavonols, and other flavonoids extracted in the flavonol
extraction. TLC was used to examine the endogenous levels of flavonoids, other than
anthocyanins, in tissues employed in the biolistic experiments. The results (Figure 4.2)
showed that petals of pea cultivars had lower concentrations and fewer types of these
flavonoids compared to the leaves and stipules. Thus, a correlation between low
endogenous flavonoid levels and the ability of pea tissues to produce large numbers of
anthocyanin producing cells, induced by the transient expression of anthocyanin
regulators, was determmed (Tables 4.1 and 4.2, Figure 4.2).
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4.4 Discussion
The experiments described in this chapter establish that maize anthocyanin regulatory
genes can function in the leaves of legumes by biolistically inducing anthocyanin
biosynthesis. The variety of tissues of pea and white clover that accumulated
anthocyanin after microparticle bombardment of anthocyanin regulators suggests a
functionally similar transcription process in legumes. Since maize anthocyanin regulatory
genes have also been shown to function in petunia, Arabidopsis, tobacco and tomato
(Lloyd et a/.. 1992; Quattrocchio et at, 1993; Mooney et a/., 1995), the transcriptkm
process must be functionally similar for a range of disparate species. The accumulation
of anthocyanin was generally more pronounced in pea than white clover tissues, possibly
because of the greater receptivity to microparticle bombardment shown in peas by the
expression of the 35S:gus.
Pea cultivar Dundale needed both the Cl and B-Peru, driven by either the rbcS la
or 35 S promoter, for anthocyanin induction. In contrast the three other pea cultivars,
Laura, Greenfeast and Bohatyr, accumulated anthocyanin following biolistic introduction
of only the 35S:B-Peru (myc) gene, suggesting that they already express an endogenous
Myb-like homologue in those tissues. However, without the complementary Myc-like
protein, the plants do not produce any anthocyanin. The lack of expression of the Myc
protein suggests a mutation in the correspondmg pea myc gene. If this mutation was
complemented, the pea cultivars that do not endogenously express anthocyanin should
return to a phenotype resembling that of cv. Dundale. It was found that the number of
cells containing anthocyanin were lower when only a myc gene was expressed, as
compared to when both the Cl and B'Peru, genes driven by either promoter, were
introduced. This is consistent with the results of Quattrocchio et cd. (1993) who also
showed that more anthocyanin was produced with a myc and a myb gene compared to
only a myb gene in petunia tissues.
Induction of an anthocyanin response by microparticle bombardment experiments
that used equivalent amounts of anthocyanin regulatory gene plasmids in pea tissues,
varied in response in a particular tissues from one cultivar to another. It was considered
that this variability might affect anthocyanin accumulation in subsequent transformation
experiments. Thus one factor that shown to influence anthocyanin accumulation in these
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tissues was conducted. Holton et at (1993 a) showed that an antisense flavonol synthase
gene lowered anthocyamn expression when expressed in tobacco and suggested that
flavonol and anthocyanin competed for a common substrate. Therefore endogenous
flavonols, and other flavonoids extracted in the flavonol extraction were examined for
overall patterns. Comparison of the TLC plate with the results tabulated for anthocyanin
expression in various pea tissues, indicated that there was a negative correlation between
the response of the introduced anthocyanin regulators and the endogenous levels of
flavonoids. Low fiavonoid levels indicate that the phenylpropanoid pathway has a very
low activity and may be responsive to transiently expressed anthocyanin regulators. This
is seen in the petals of each pea cultivar. Increased flavonoids as seen in leaf and stipule
tissues on the TLC plate may indicate that the phenylpropanoid biosynthetic pathway is
already be maximally active and committed to flavonoid production other than
anthocyanin. Also, in the purple petalled pea tissues from cv. Dundale may represent the
maximally active state of anthocyanin biosynthesis. The provision of additional
anthocyanin biosynthetic capability via introduced anthocyanin regulatory genes in either
case did not enhance anthocyanin accumulation. A more comprehensive understanding
of these results will require analysis of the endogenous expression of the Myb and Myc
proteins, as well as a detailed analysis of the different types of flavonoids and key
enzymes of the phenylpropanoid pathway that are present in these pea tissues.
The transient expression experiments described m Chapters 3 and 4 have shown
that the maize anthocyanin regulatory genes can induce anthocyanin in legumes.
Therefore, increasmg the expression of anthocyanin in stably transformed clover plants
seemed to be an achievable goal and this will be examined in Chapter 5.
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CHAPTER 5
DICOTYLEDONOUS PLANTS TRANSFORMED WITH
ANTHOCYANEV REGULATORY GENES
5.1 Introduction
In this chapter, the expression of the different anthocyanin regulatory genes, constructed
in chapter 2, is exammed in transgenic tobaccos and clovers. The transgenic plants
transformed with each construct were analysed for the accumulation of anthocyanin and
other flavonoids.
Legumes have never been transformed with anthocyanin regulatory genes. The
results described in chapters 3 and 4 show that white clovers and peas were capable of
expressing maize anthocyanin regulatory genes introduced by microparticle
bombardment. Previous transformation experiments, summarised in section L5.4e, using
maize anthocyanin regulatory genes in tobacco, Arabidopsis and petunia show that
anthocyanin accumulation in these plants can be enhanced, and even accumulated in new
tissues by the expression of these genes (Lloyd et a/., 1992; Davies et al., 1995; Mooney
et a/., 1995). Also, transformation experiments using the dicotyledonous anthocyanin
regulatory gene Delila in tobacco and tomato plants resulted in enhanced pigmentation
in tissues that ah-eady express it (Mooney et al., 1995). These precedents suggested that
transfomung clover with anthocyanin regulatory genes would modify the expression of
anthocyanin.
The pattern and quantity of anthocyanin accumulation was examined in transgenic
clover plants expressing introduced anthocyanin regulatory genes relative to control
plants. Lloyd et at. (1992) used a method which expressed a member from both
anthocyanin regulatory gene families that mvolved crossing plants containing single
anthocyanin regulatory genes. The method used in this chapter will use constructs that
contain both anthocyanin regulatory gene families in the one vector (pJDC7, pIDC9,
pJDCll, pJDC12, pJDC14, pJDC15) instead of having to perform crosses to obtain
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plants expressing both genes. Control plants were transformed with the gus gene. As a
positive control, tobacco plants were transformed with the anthocyanin regulatory genes.
Tobacco was chosen as a control because Lloyd et at (1992) and Mooney et al. (1995)
have demonstrated that tobacco responds to the Lc and Delila anthocyamn regulatory
genes. It is the aim of ther work described in this chapter to examine if clover
anthocyanin expression will be altered by the anthocyanin regulatory genes and if so, to
determine if the altered traits are heritable.
Unexpected effects on other plant products and processes (described in section
1.4.4) sometimes accompany plants transformed with maize anthocyanin regulatory
genes. The R gene expressed in Arabidopsis thaliana plants has been shown to
increase the number of trichomes (Lloyd et al., 1992). Also, the Sn gene expressed
in transformed Lotus comiculatus plants produced altered patterns of
proanthocyanidins (PA; F. Damiani, F. Paolocci, P. D. Cluster, S. Arconi, G. J.
Tanner, R. G. Joseph, Y. G. Li, L de Majnik and P. J. Larkin, unpublished).
Quattrocchio et al. (1993) showed that the transformation of petunia with the Lc gene
inhibited the regenerative ability of developing petunia plants, suggesting an effect on
growth and development pathways. For these reasons, the transformed plants were
also assessed for altered tannin and other general fiavonoids by comparison with
plants transformed with the gus gene.
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5.2 Materials and methods
5.2.1 Plant transformation
a) Plant material
Seeds of white clover (Trifolium repens) cultivar Haifa (Phil Larkin, PI, CSIRO) and leaf
tissue fiomNicoticma tobacum cv. W38 (kept in culture at PI, CSIRO) were used in the
transformation experiments.
b) Agrobacterium tumefaciens strain used for transformation
The A. tumefaciens strain used was AGL1 which carries a disarmed Ti plasmid (Lazo ef
at, 1991). Strain AGL1 was cultivated onMGmedum (Table 5.1; Garfmkle andNester,
1980). Inoculations of 10 ml of media in a sterile conical flask were shaken at 28°C for
at least 30 h, or until they had reached mid-log growth phase. Colonies were grown on
agar solidified medium at 28°C for two days.
Table 5.1: MG medium.
Chemicals Amount per litre
Mannitol 5.0 g
L-Glutamic acid 1.0 g
KH2PO 0.25 g4
NaCl 0.1 g
MgS04.7H20 0.1 g
Biotin lug
Tryptone 5g
Yeast Extract 2.5 g
pH 7.0 with NaOH
Autoclave at 122 °C for 20 min
For solid media add 15.0 g/1 v//v Difco agar.
c) EIectroporation of A. tumefaciens with transformation vectors
High-voltage electroporation was used to transform A. tumefaciens (described by Lin,
1994). A. twnefaciens was grown for at least 30 h or until mid-log growth phase was
reached. A 5 ml aliquot of A. tumefaciens was pelleted in a Falcon tube (Greiner,
Germany) in a Sorvall centrifage (Du Font, Hertfordshire, UK) using an SS34 rotor (Du
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Font, Hertfordshire, UK) at 5000 rpm at 4°C. The supematant was discarded and the
pellet resuspended in 5 ml ice cold MQ water. The centrifugation and resuspension steps
were repeated as before, sequentially reducing the amount of ice cold deionised water
(MQ) water added to 4 ml, 3 ml, 2.5 ml and 1 ml in each step. An aliquot of 200 nl of
cells were placed into a chilled 2 mm gap cuvette with 50-100 ng of DNA and
electroporated usmg the Gene Falser (Biorad) as described for the E. coli cells and using
the same settings (Section 2.2.1). The cells were added to 3-4 ml ofMG media and
shaken at 28°C for 2-3 h. Aliquots were then plated onto agar solidified MG medium
with 20 ng/ml ofrifampicin to select for the AGL1 and the appropriate selection for each
vector (12.5 ng/ml of tetracycline for the pID303-derived vectors, and 10 ng/ml of
spectinomycin as well as 10 |xg/ml of streptomycin for the pART27-type vectors). Plates
were grown for 2 days at 28°C.
d) \ enfic&iwn of vectors m A tumefaciens
A 10 ml culture of A. tumefaciens was grown overnight, concentrated and lysed to
obtain the vector DNA using the alkaline lysis method (described by Sambrook et al.,
1989). The vector DNA was electroporated back into E. coli and colonies grown on a
plate containing antibiotic selection (Section 2.2.1). Confirmation was obtained by
growing a colony of the E. coli cells overnight, isolating the DNA, digesting it with a
diagnostic restriction endonuclease and analysing this by electrophoresis.
e) Transformation method for N. tabacum
Transformed A. tumefaciens was grown overnight in MG media containing an antibiotic
to select for the vector. Two young fully expanded tobacco leaves were excised from
aseptic cultures ofNicotiww tabacum cv. W38 for each Agrobacterium inoculum. The
10 ml of inoculum and leaves are both placed in a sterile petrie dish to maintain the
turgidity of the leaves and to ensure that the leaves are totally wet with the inoculum.
The main leaf vein was then removed and the remaining pieces cut mto approximately
2 cm2 pieces. The segments were drained and placed adaxial (upper) surface down on
the agar solidified medium MS9 (MSO, described in 3.2.2, with the addition of 1 f^g/ml
BAP (6-benzylammopurine) and 0.5 pg/ml ofIAA (indole-3-acetic acid) co-cultivation
media with no selection. The plates were then placed in the dark at 26°C for 48 h.
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Segments were transferred to MS9 plates with 150 ng/ml TimentinT (described in
section 4.2.2) to kill the Agrobacterium, and either 100 4g/ml of kanamyacin or 10
l^g/ml of phosphinothricin (PPT) to select for the herbicide resistance gene. The
segments were transferred to fresh selection media every two weeks. When 2 cm tall
shoots had developed, they were excised and transferred onto MSO media with
TimentinT (described in section 4.2. 1) and the selective agent to form roots (pers comm.
Terese Wardley-Richardson). Plants were checked for transformation with either a
phosphinothricin acetyl transferase (PAT) or a neomycin phosphotransferase (NPTII)
assay (sections 5.2.2 a and b) and then transferred to the glasshouse.
f) Transformation method for white clover
The white clover transformation method is described in detail in Larkin ef al. (1996).
White clover seeds were surface sterihsed and allowed to imbibe overnight in the dark.
The seeds were dissected and the cotyledons collected into MG media in a petri dish.
The cotyledons were agitated gently for 40 min in a shallow layer of culture of
A. tumefaciens grown overnight (see earlier). The cotyledons were then transferred to
sterile filter paper to absorb any excess culture, then to B5PB agar (Larkin et a/., 1996)
and co-cultivated at 24°C for 3 days. After this period the cotyledons were collected,
washed several times with distilled water, excess water removed with filter paper and
transferred to B5PB with 300 ^ig/ml ofTimentinT and either 25 [Ag/ml ofkanamyacin or
5 Hg/ml of PPT to select plants. Shoots developed directly from the cut end of the
cotyledons. Once shoots had developed, one green plantlet was chosen per cotyledon
and transferred to RIB medum for root initiation (Larkin et a/., 1996). Plantlets with
developed roots were tested for the selectable markers by using PAT or NPTII assays
(section 5.2.2a and b). Once confirmed positive, they were transferred to soil and then
to the glasshouse.
5.2.2 Sclectable marker assays
a) Neomycin phosphotransferase II (NPTD) assay
The NPTII assay detects the nptH gene product by the dot blot radioactive enzyme assay
described by McDonnell et al. (1987). The method involves grinding either a small
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section of young tobacco leaf or a trifolate leaf of clover in sand and 200 nl of extraction
buffer (62 mM Tris-HCl pH 6.8, 10% glycerol v/v, 5% P-mercaptoethanol v/v) in an
Eppendorf centrifuge tube. After centrifugation at 14000 rpm for 10 mm at 4°C, 18 nl
of supematant was nuxed with 18 p,l of reaction buffer (50 ng neomycin sulphate,
10 mM potassium fluoride, 10 ^iCi [Y-32P]-labelled adenosine 5'-triphosphate in 100 mM
Tris-HCl pH 7.5, 50 mM magnesium chloride, 400 mM ammonium chloride) in round
bottomed 96-well microtitre plates. The plates were incubated at 37°C for 30 min and
20 nl of the reaction spotted onto PS 1 cellulose phosphate paper (Whatman) on a
marked grid and allowed to air dry. The P81 paper had been pretreated in 100 ml of
blocking solution which contained 650 mg of ATP and 2.66g of tetra sodium
pyrophosphate. The P81 sheet was incubated in 1% SDS containing 50 ng/ml Proteinase
K for 30 min at 60°C and then washed twice in 10 mM sodium phosphate buffer (pH
7.5) at 80°C. The paper was dried and exposed to X-ray film overnight with an
intensifying screen. The phosphorylated neomycin carrying the label binds to the P81
whereas the remaining labelled ATP is removed in the 1% SDS containing 50 Hg/ml
Proteinase K and the phosphate buffer washes.
b) Phosphinothricin acetyl transferase (PAT) assay
The PAT assay method is described by Spencer et al. (1990). The method involves
grinding either a section of young tobacco leaf or a trifolate leaf of clover in sand and
1 nl of extraction buffer (20 mMNaCl2, 100 mM phosphate buffer described in section
3.2.2(1, 1 mM phenylmethylsulfonylfluonde (PMSF), 1 mg/ml BSA) per mg of tissue. A
16 (il aliquot of this nuxture had a 6 4! aliquot of substrate solution (6 mM
phosphinothricin (PPT), 0.01 nCi/nl 14C-acetyl CoA [50-60 mCi/mmol, Amersham] in
extraction buffer) added, nuxed and incubated at 37°C for 30 min. A 15 (il aliquot of the
reaction was spotted onto a silica gel TLC plate (plastic backed 0.2 mm Keiselgel 60;
Merck, Darmstadt, Germany) and allowed to dry for 2 h. The plate was
chromatographed in 1-propanol: 28% (v/v) ammonia solution (3:2 v/v) for 2 h then dried
for 1 h. It was coated with enhancer (1-Methylnapthalene) and allowed to dry for 30
min. The plate was exposed to X-ray fihn overnight with an intensifying screen. The
labelled acetylated PPT moves further than the acetyl CoA substrate.
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5.2.3 Analysis of transgenic plants by hybridisation of Southern blots
a) Preparation of tobacco genomic DNA
This method (modified from Shure et a/., 1983) used a chilled mortar and pestle to grind
1.5 - 2 g of healthy, fully expanded leaf tissue in liquid nitrogen. This was scraped into a
Falcon tube (Greiner, Germany) and immediately, 2.25 ml phenol and 2.25 ml of
chloroform:isoamyl alcohol (v/v) together with 4.5 ml ofurea buffer (8 M Urea, 0.35 M
NaCl, 0.05 M Tris-HCl pH 8, 0.02 M EDTA, 1% w/v Sarkosine) was added and mixed
gently by inversion. This was centrifuged for 10 min at 7000 rpm at 4°C in a Beckman
centrifuge using a SS34 rotor. The supematant was transferred to a new 15 ml Falcon
tube and 1 ml of 4.4 M ammonium acetate and a volume of cold isopropanol, equal to
the supematant and the 1 ml of ammonia acetate, was added. The tube was inverted
gently until DNA precipitated. This was centrifuged as before for 3 minutes, the
supematant poured off, the pellet washed in 70% ethanol and then air dried. TE buffer
200-300 (^1 was added to dissolve the genomic DNA which was then transferred to an
Eppendorftube, quantitated spectrophometrically at 260 nm and stored at -20°C.
b) Extraction of clover genomic DNA
This method (modified from Lodhi et al., 1994) used a chilled mortar and pestle to grind
500 mg of clover leaves in liquid nitrogen with 50 mg of polyvinylpyrrohdone (PVP).
CTAB extraction buffer (2% w/v CTAB (hexadecyltrimethyeammonium bromide),
1.4 M NaCl, 20 mM N02 EDTA, 100 mM Tris-HCl pH 8.0) was preheated to 65°C and
0.2% of P-mercaptoethanol added to the buffer after heating. The tissue homogenate
and a 5 ml aliquot of heated buffer were mixed, by inversion, in a 15 ml Falcon tube and
incubated at 65°C for 20 min. After the nuxture had cooled, 6 ml ofchloroform:isoamyl
alcohol (v/v) was added and the mixture was nuxed again by inversion. The nuxture was
centrifuged at 6000 rpm for 20 min m a Beckman centrifuge using a SS34 rotor. The
top phase was dispensed into two new tubes, taking care not to disturb the white
interface. To each tube 1 ml of 1 M NaCl was added and mixed followed by 6 ml of
prechUled ethanol. The tube was mixed and left at 4°C for at least an hour. The samples
were then centrifuged at 5000 rpm for 5 min as described previously and the supematant
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poured off. The pellets were washed in 70% ethanol, air dried, each dissolved in 150 \JL\
ofTE , combined, quantitated spectrophometrically and stored at -20°C.
c) Restriction ofgenomic DNA
Restriction enzyme digestions were performed with commercially available restriction
endonucleases using the bufiFers supplied. Total reaction volumes were 30 ^l This
included 20 ng ofDNA, 3 p,! of lOx reaction buffer, 20 Units of enzyme, 0.1 mg/ml
BSA, 1 mM spermidine and was made up to the final volume with distilled water.
Digestions were carried out at 37°C for 2 h.
d) EIectrophoresis ofgenomic DNA
Electrophoresis ofDNA molecules was carried out as described in section 2.2. Id, with
two modifications. These were that the gels were made to 1.2% w/v agarose, and all
gels were run at approximately 6 V/cm'1.
e) Southern transfer ofgenomic DNA onto membranes
The Southern transfer of genomic DNA onto membranes was done exactly as described
in section 2.2. Ie.
f) Probe making procedure for hybridisations
Probes were made using the Prime-a-gene kit (Promega, Madison, WI) as described in
section 2.2. If.
g) Hybridisation ofgenomic DNA on membranes
As described m section 2.2. Ig for plasmid hybridisation.
h) Determination ofT-DNA copy number from the hybridised genomic DNA blots
In order to determine if one or more pieces of transferred DNA (T-DNA) from the
Agrobacterium-mediated transformation had been inserted into each plant» analysis of
restricted genomic DNA by hybridisation was earned out. The use of two restriction
endonucleases per sample of genomic DNA produced two unique patterns of restricted
genomic DNA (Figure 5. la). The two genomic DNA patterns produced by the
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restriction endonucleases after hybridisation were used as a check for two difiTerent
banding patterns in each sample ofDNA (Figure 5. Ib).
5.2.4 Analysis ofRNA to examine gene expression
a) Extraction of tobacco and clover total RNA
This method was modified from one presented by Chang et al. (1993). Total RNA was
extracted from the first two intemodes of clover stolons and tobacco corollas before the
lobes had opened. Tissue (500 mg) was ground in liquid nitrogen using a prechilled
mortar and pestle. The clover was ground with the addition of 2% PVP. The tissue was
divided into two Epperdorf centrifuge tubes and 500 ^\ extraction buffer (0.25 M Lid,
200 mM Tris-HCl pH 8.0, 20 mM EDTA, 2% SDS, dUuted 1:1 with phenol) pre-heated
to 80°C was added to each tube and mixed thoroughly using a vortex mixer. Then, 520
pl ofchlorofomusoamyl alcohol (24:1) was added and mixed using a vortex nuxer. The
tubes were centrifuged at 14000 rpm for 5 nuns in an Eppendorf centrifuge. The
aqueous layer was removed and 1 volume of 3 M Lid was added and mixed by
inversion. The RNA was precipitated overnight at 4°C, then centrifuged at 14000 rpm
for 30 min at room temperature in an Eppendorf centrifuge. The supematant was
poured off and the pellet resuspended in 250 nl ofdiethyl pyrocarbonate (DEPC) treated
water. The DEPC water was made by adding 750 nl ofDEPC to 2.5 litres of distilled
water, mixed thoroughly, left overnight and autoclaved for 30 min. The resuspended
RNA pellets were recombined to make 500 nl. To this, 25 ^1 of 3 M sodium acetate and
2 volumes of cold ethanol were added, mixed together, then left at -20°C for at least 2
hours. This was centrifuged at 14000 rpm for 20 mins, the supematant discarded and the
RNA pellet washed in 70% ethanol, air dried and resuspended in DEPC treated water.
The purity and concentration was checked by reading the absorbance at 260, 280 and
320 nm.
b) Electrophoresis of RNA (described in Sambrooke/a/., 1989)
Electrophoresis ofRNA molecules was carried out in 1.4 % w/v agarose gels containing
Ix MOPS buffer (20 mM 4"[N-Morpholino] propanesulfonic acid pH 7, 10 mM sodium
acetate, 1 mM EDTA), 2.2 M deionised formaldehyde and 1 pl of 10 mg/ml ethidium
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bromide per 100 ml ofagarose, in a gel tank containing Ix MOPS buffer. Samples were
prepared by mbdng 30 ng of total RNA in 2 pl of lOx MOPS, 3.5 nl of formaldehyde,
10 ^1 formamide and incubating at 65°C for 15 min. All gels were run at 6 V.cm'1 and
their progress monitored by incorporating a loading dye (Sambrook et at., 1989). After
electrophoresis, RNA was visualised on a 254 nm UV transilluminator and
photographed.
c) Transfer of RNA to a membrane
KNA was blotted to Hybond C-extra using a capillary blotting device described in
Sambrook et cd. (1989) with no pre-treatment and using 20x SSC as the transfer buffer.
Following transfer ofKNA to Hybond C-extra overnight, the blot was rinsed in 2x SSC
(described in section 2.2.1) and UV fixed as described in section 2.2.1. The membrane
was then used for hybridisation or stored dry, in 3 MM blotting paper.
d) Hybridisation of membranes containing RNA (described by Sambrook et al.,
1989)
Blots were pre-hybridised for 1-2 h in a 10 ml volume of 50% deionised formamide
(v/v), 2% of a 20x SSPE solution (w/v; 3.6 M NaCl, 0.2 M Na2HP04 pH 7.7, 0.02 M
EDTA), 2% PEG 6000 (w/v), 0.5% skim milk powder (w/v) and DEPC treated water at
42°C in a Hybaid bottle and oven. The DNA probe was denatured by heating to
95-98°C for 5 mm, quenched in ice for 5 min and then added directly to the hybridisation
bufiFer, after prehybridisation. Hybridisation was allowed to proceed overnight.
Following hybridisation, the hybndisation solution was removed and the blots were
rinsed briefly with 2x SSC at room temperature. The blots were then removed from the
bottles into a tray which was shaken gently for subsequent washes. A solution of room
temperature 2x SSC, 0.1% SDS was added to the blots which were washed for 10 min,
the counts monitored with a Geiger counter and washing repeated if necessary. If high
stringency washes were required, the blots were washed in 0.2x SSC, 0.1% SDS for
10 min at room temperature (or the temperature of the wash solution was increased to
42°C). The blot was placed onto 2x SSC dampened 3MM blotting paper, sealed in
plastic wrap and placed into a Phosphorlmager cassette (Molecular Dynamics). The
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hybridised blot was analysed using the Phosphorlmager and the ImageQuant software
V3.3 (Molecular Dynamics).
5.2.5 Analysis of transgenic plants for the expression of transgenes
a) Analysis of GUS expression in transgenic plants
This was carried out as described in section 3.2.2.
b) Analysis of anthocyanin expression in transgenic plants
i) Plant tissues with chlorophyll(Reddye/a/., 1995)
Approximately 25 mg/ml of freshly harvested tissue was extracted overnight in acidified
methanol (1% HC1 v/v) at 4°C in the dark. This was centrifaged at 14000 rpm for 5 min
and the supematant removed to a 15 ml Falcon tube. To I ml of extract, 0.75 ml of
water and 2 ml of chloroform were added to form a biphasic partition. The top phase
(1.5 ml) was removed and measured in a spectrophotometer. At least three extracts
were assayed and averaged in order to calculate the anthocyanin concentration. This was
calculated from A^s nm using a millimolar extinction coefficient of 31.6 (Reddy et al.,
1995). An aliquot of the extract (250 |il) was then hydrolysed with 2 N HC1 for 20 min
in a boiling water bath. The hydrolysates were extracted into 50 ^1 iso-amyl alcohol and
evaporated to dryness. The final residue was re-dissolved in methanol-HCl and
separated by TLC on a 1 mm cellulose coated TLC plate (art. no. 5730; Merck,
Darmstadt, Germany) in an acetic acid:HCI:water (30:3:10 v/v/v) solvent system.
ii) Plant tissues without chlorophyll
These tissues were mainly tobacco petals and were analysed in the same way as for
tissues with chlorophyll, except that the initial methanol-HCl extract could be measured
on a spectrophotometer directly without additional extractions.
c) Analysis of flavonoid expression in transgenic plants
Flavonoid analysis is described in section 4.2.2.
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d) Determination of proanthocyanidin (PA) content in plant tissues
i) p-Dimethylaminocinnamaldehyde-HCl protocol for PA detection in plant tissues
This method is detailed in Li et a/., 1996. Selected tissues were washed in a solution of
glacial acetic acid and ethanol (3:1 v/v) until all chlorophyll was extracted. A 0.1%
p-Dimethylaminocmnamaldehyde (DMACA) (w/v) solution was made in 6 M HC1 and
methanol 1:1 (v/v) and was added to the washed sample. The DMACA reaction was
allowed to proceed for 60 min. However, small amounts of PA or thick tissues were left
overnight. The tissue was washed in 70% ethanol 3-4 times and preserved in 70%
ethanol. The PA containing cells stain dark blue and were visuaUsed using a dissecting
a
microscope.
ii) DMACA-HC1 protocol for PA quantitatkm
This method is detailed in Li et al., 1996. The method involves collecting healthy
tissues, freeze drying them and grinding them into a powder. Ten mg of each powder
was extracted three times with 1 ml of 70% acetone (v/v) at 4°C for 30 min in the dark.
The residue was retained for assay of insoluble PA. The supematants were combined,
adjusted to 4 ml with acetone, nuxed with 3 ml of diethyl ether and left at -20°C in the
dark to separate into two phases. A 770 ^1 aliquot of the lower phase was imxed with
385 nl ofmethanol and 192 nl of 2% DMACA reagent (described above). This was left
at room temperature for 20 min and the absorbance was then measured at 643 nm.
Insoluble PA was measured by drying the residue following the extractions for soluble
PA and mixing the saved pellet with 200 ^1 of 1% SDS (w/v) and 1.2 ml of a
butanol-HCl reagent (1-butanol and HC1 19:1, v/v). This was boiled for 90 mm, the
supematant collected and the absorbance read at 555 nm. Total PA was calculated as
the sum ofsoluble PA plus insoluble PA.
e) Heritability of transgenes
i) Tobacco (pers. comm. Linda Tabe)
Tobacco flowers are self fertile. Seeds from the original transformants were collected
and sprinkled into a liberally watered 15 cm pot. This was covered with plastic wrap and
-2placed at 26°C for 2-3 weeks under 12 h cool white fluorescent light (30 nmole m .
see ) to germinate the seeds. Once the majority of the seeds had gemiinated and grown
about 1 cm, a few tiny holes were poked in the plastic wrap. Over the next couple of
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days, the holes were gradually widened until the plants had been acclimatised and the
pots were transferred to the glasshouse. The seedlings were thinned to about 40
seedlings per pot and sprayed with a fine mist with 1 mg/ml PPT until a runoff point was
reached. After 1 week, the plants not carrying the bar gene had died and live plants
were counted. Six plants of each of the constructs tested were grown to flowering and
flower phenotype scored.
ii) White Clover (pers. comm. Phil Larkin)
White clover is self-infertile. Crosses were performed with a sterile wooden toothpick
The toothpick was used to collect and deliver pollen between individual flowers
alternatively on two selected inflorescences. A selected plant was crossed to a number
of wild type white clovers and the reciprocal crosses also made. The seeds produced
were collected, scarified and germinated in jiffy pots. Once seedlings had developed
their first leaves, they were transferred to normal pots in the glasshouse. After 3-4
weeks the plants were visually assayed for the presence ofanthocyanin.
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5.3 Results
No legume species has previously been transformed with any anthocyanin regulatory
genes. This section details results that show that transformation with the regulatory
genes B-Peru, C7, Delila and myb.Ph2 such genes can modify anthocyanin pigmentation
in white clover.
The white clover and tobacco plants were regenerated on selection, then assayed
for the expression of either the PAT or the NPTII proteins. After these assays. Southern
hybridisations were performed on plant genomic DNA to confirm T-DNA transfer
(Figure 5.1). Initially, a visual assessment ofanthocyanin was made of the transformed
plants, followed by quantitative analysis of anthocyanin on a representative sample of
plants. Additionally because the flavonol and tannin pathways have been altered by
anthocyanm regulatory genes, these compounds were also examined. Also, the
correlation between general flavonoids and tissue specificity of anthocyanin, detailed in
chapter 4, were also examined. RNA from selected plants was analysed in order to
determine if the altered anthocyanm accumulation patterns observed were a result of the
introduction of transgene(s). Finally, the heritability of the altered phenotypes were
examined for their stability in subsequent generations of plants. This section describes in
detail the results obtained from these experiments.
5.3.1 Plant regeneration and numbering
In these transformation experiments, both tobacco and clover were transformed and
then over 150 tobacco and 75 clover plants were regenerated and screened for PAT or
NPTII selection (Appenda 4a, b, c and d). Each regenerated plant was identified by
an assigned number. The number indicated if it was a tobacco (T) or clover plant
(C), what construct it was transformed with (the first number; refer to Table 2.4) and
its individual number (the second number). For example, T10.4, was a tobacco plant
transformed with construct 10 (35S:B-Peru; see Table 2.4) and was the 4th plant to be
regenerated with this construct.
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The plants were grown to flowering and analysed for phenotypic changes.
There were too many plants to analyse them all, so plants similar in phenotype were
grouped together and representatives from each group were analysed thoroughly. The
results in this section discuss these representative plants.
Plants transformed with anthocyanin regulatory genes were compared to plants
transformed with the gus gene. Plants containing the gus gene were used as a
negative control for anthocyanin production.
An observation was made that less tobacco plants were regenerated using the
constructs 7 (rbcS la:B-Peru+35S'.Cl\ 9 (rbcS la: B-Peru+rbcS la'.Cl), 11
(35S:J9-POT+35S:C7), 12 (35S:5-Perw+rAc5 7a:C7), 14 (35S:DeWct+35S:myb.Ph2)
and 15 (35S:Delila+35S\CJ) which contain both a myc and myb anthocyanin
regulatory gene compared to plants transformed with only one of the genes (Appends
4a and c). In white clover, no plants were produced with constructs 7, 9, 11, 13
(35S:£te/;7a), 14 and 15 despite a number of attempts (Appendbc 4b and d).
Additionally, tobacco plants transformed with constructs 7, 9, 14 and 15 developed
spindly leaves, severely deformed flowers (often without corollas) and no seeds.
5.3.2 Analysis ofGUS activity in transformed plants
The GUS assay could be performed very early in the plant regeneration process. Thus,
the plants transformed with the gus gene served as controls for the transformation
experiments. The transgenic GUS tobacco and clover plants indicated that the
transformation methods and vectors transferring the T-DNA mto the plants were
functional. The analysis ofGUS expression gave an indication of the expression pattern
and intensity of the promoter in various plant tissues. Since GUS expression was used as
a quick assay to assess the various aspects of transformation, fixing of the plant material
prior to staining was not done.
a) Analysis ofGVS activity in transformed tobacco plants
Five plants represented the range of GUS expression observed in tobacco. T5.3 and
T5.7 were transformed with 35S:gus. T5.3 had a variable expression throughout the
plant (Table 5.2). This is best seen in Figure 5.2a, where T5.2 expresses GUS heavily in
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the leaf and only slightly in the mid-vein. T5.7 expressed GUS heavily in all tissues aas
indicated in Table 5.2 (Figure 5.2b). T8.6. T8.7 and T8.8 were transformed with
rbcS la-.gus and showed more variability in expression patterns than the 35 S construct
(Table 5.2). The stems and leaves of T8.6, T8.7 and T8.8 were very similar in GUS
expression to that shown in Figure 5.2b. The stamens usually only accumulated GUS in
the filament and not in the anther or pollen (Figure 5.2c), whereas in the pistil,
accumulation was usually uniform (Figure 5.2d). The corollas of all of the GUS
transformed plants showed some expression of GUS. The corollas reacted to the GUS
stain by turning brown and areas were unresponsive to the stain (Figure 5.2e and f).
Therefore, corollas were scored in Table 5.2 as positive (+) or negative (-) in their
response to the GUS assay.
Table 5.2: GUS analysis in the transgenic 35S:gus and rbcS la'.gus tobacco plants.
Plant Promoter Stem Leaf Stamen Pistil Corollas
T5.3 35S M s +
T5.7 35S H H Hf H +
T8.6 rbcS la H H +
T8.7 rbcSla H H Hf H +
T8.8 rbcS la M M Hf H +
M represents medium expression, H represents heavy expression, S represents slight expression and
represents no expression. In the stamen column f represents the filament.
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b) Analysis ofGUS activity in transformed white clover plants
Four plants were selected as representative of the range ofGUS expression observed in
the white clover transformed with the gus gene. C5.2 and C5.3 were transformed with
35S:gus. C5.2 expressed GUS strongly in the stolen while C5.3 had slight GUS
expression in this tissue (Table 5.3, Figure 5.2g and h). Strong GUS expression was
observed in the leaves ofC5.2. (Table 5.3, Figure 5.2i). In the leafofC5.3 a low level of
GUS expression was observed (Table 5.3, Figure 5.2j). Neither plants expressed GUS in
the petals. C8.2 and C8.3 were transformed with rbcS la'.gus. C8.2 and 8.3 had strong
expression in the leaves and stolons (Table 5.3). C8.2 had a high level of GUS
expression in the sepals (Figure 5.2k) as did C5.2. Only one of the plants, C5.2, had its
pollen examined for GUS expression. It was clear that some of the pollen was
expressing GUS (Figure 5.21).
Table 5.3: GUS analysis in the transgenic 35S:gus and
rbcS la'.gus white clover plants.
Stolen Leaf Sepals Petals
C5.2 s s s
C5.3 L L
C8.2 s s s
C8.3 s s
L represents light expression. M represents medium expression. S
represents heavy expression and - represents no expression.
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Figure 5.1: Determination of T-DNA copy number from the hybridised genomic DNA
blots.
a) A photograph of a gel showing tobacco genomic DNA from plants containing DNA
from construct 6 (rbcS la:B-Peru) digested with BglH and Sphl. The negative control
lane (-ve) is genomic DNA from the plant T5.3 (35S'^us).
b) A Southern blot of the gel shown in a) probed with theB-Peru gene.
121
0 0
>
S t u l
- v e
B g i n
T 6 . 1
S t u l
B g i n  1
! . T 6 . 2
S t u i J
B g i n
T 6 . 4
S t u l
B g l u
T 6 . 5
S t u l
CHAPTERS
Figure 5.2: Transgenic plant tissues stained for GUS activity. Magnification is
indicated.
Tobacco
a) Across section ofaleaffromT5.3 (35S:^tf). Strong GUS activity is observed in the
leaf and less in the mid-vein (indicated by the arrow). (8x)
b) A cross section of a leaf from T5.7 {35S:gus). strong GUS activity is observed in
both the leaf and the mid-vein. (25x.)
c) A stamen from T8.7 (rbcS la'.gus). The anther filaments and anthers do not express
GUS whereas the pollen grains do. (25x)
d) Strong GUS staining in the stigma and style from T8.7^c57a:^M5). (8x)
e) GUS staining of a corolla from T8.6 (rbcS la:gus). (8x)
f) GUS staining of a corolla from T5.7 (35S;g^). (8x)
Clover
g) A cross section of a stolen from C5.3 (35S:gus) showing strong GUS activity. (8x)
h) A cross section of a stolon from C5.2 (35S:gus) showing moderate GUS activity in
the vascular bundles and slight expression in the surrounding dssues. (40x)
i) Strong GUS expression in a dissected trifolate from C5.3 (35S:^u^). (25x)
j) Pollen from C8.2 (rbcS la'.gus) showing GUS activity in only some pollen grains.
(120x)
k) A flower from C8.2 {rbcS la:gus) showing strong GUS activity in the sepals and
antes, but not in any other floral organ. (25x)
1) Moderate GUS expression in the vascular bundles and mchomes of a trifolate from
C5.2 (35S:gus). The other tissues have minimal GUS expression. (25x)
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5.3.3 Analysis of anthocyanin: type, phenotypic pattern and amount
In order to determine if expression of anthocyanin regulatory transgenes could
function in transformed tobacco and white clover the presence and pattern of
anthocyanin in transgenic plants was analysed. The anthocyanins were also extracted
to determine if the chemical class as well as quantity had been changed. Some
attention was given to correlating the expression of various anthocyanin regulatory
genes to a particular phenotype and amount of anthocyanin.
Southern analysis determined the copy number of T-DNA insertions in each
plant (Tables 5.4 and 5.5). The T-DNA inserts were then used to determine if
modifications in anthocyanin could be correlated to the number ofmserts.
a) Analysis of anthocyanin type, phenotypic pattern and amount in transformed
tobacco plants
The only tobacco tissues that accumulated anthocyanin in either transformed or wild type
plants were found in the flowers. The tissues in the flower that were susceptible to the
regulatory genes were the corolla lobes (Figure 5.3a), corolla tube (Figure 5.3a) and the
anther filaments (Figure 5.3b). Anthocyanin was extracted from the excised flower lobes
and analysed for amounts (Table 5.4) and types of anthocyanin. Each extract was
scanned spectrophometrically. All samples peaked in absorbance at around the 540 run
wavelength (Appendix 5). Using TLC to separate different classes of anthocyanin, a
single anthocyanin band was found in each of the flower extracts at an Rf of 0.4
(Appendix 5). This band correlated with a cyanidm standard. Since the absorbance
peaks, Rf values and TLC separations coincided with a standard for cyanidin, it is highly
likely that the anthocyanin accumulating in each tobacco flower, whether transformed or
wildtype, was cyanidin.
Some anthocyanin was found in the petals of all the tobacco plants regenerated.
However, the expression of some of the anthocyanin regulatory genes altered the amount
and distribution of anthocyanin (Table 5.4, Figure 5.3). The tobacco flowers were
grouped into four categories based on a visual assessment of the amount of anthocyanin
each produced: pink, which is the wild type and restricted to the corolla lobes, had a
range from 36.1 to 196.8 ng/mg fresh weight (fwt; Figure 5.3c); dark pink, which also
123
CHAPTER 5
only pigmented the corolla lobes, had a range from 307.0 to 443.7 ng/mg fwt (generally
3 fold more anthocyanin than in the pink flowers; Figure 5.3d); red, which not only
increased pigmentation in the corolla lobes but also intensified pigmentation in the
corolla tube and anther filaments, had a range from 501.0 to 825.4 ng/mg fwt (generally
5 fold more anthocyanin than in the pink flowers; Figure 5.3e); and dark red, which had
the same pattern as the red, had a range from 1249.5 to 1297.9 ng/mg fwt (generally 11
fold more than in the pink flowers; Figure 5.3f). Pink flowers occurred with the majority
of constructs (11 out of the 15, Table 5.4). No colour other than pink was ever recorded
in plants transformed with only the myb genes (Constructs 1-4, Table 5.4) or the gus
genes (Constructs 5 and 8, Table 5.4). Also, plants containing only the myb genes
remained pink irrespective of the number of inserts each contained (Tables 5.4). Dark
pmk flowers were found in plants transformed with vectors containing the 35S:Delila
(myc) gene (Table 5.4). Red flowers were found in plants transformed with constructs
containing the B-Peru (myc) gene (Constructs 6, 7, 9 and 10, Table 5.4). Flowers from
tobacco plants transformed with construct 12 (Table 5.4), which contains the
35S:B-Peru gene and the rbcS la'.Cl gene, were only ever pink. Dark red flowers were
only ever found in plants transformed with the 35S:B-Peru and 35S:C7 genes together
(Construct 11, Table 5.4).
Other than the flower types mentioned above, occasionally an aberrant colour
pattern was produced. There were four aberrant types of pigmentation patterns in
flowers. The first type, Cossack, produced a pattern sinular to a Cossack dancers dress.
There were two types of Cossack flowers. One type had red and white stripes and was
transformed with construct 6 (rbcS la-£-Peru\ Table 5.4, Figure 5.3g). The other type
of Cossack flower had dark pink and pink stripes and was found in plants transformed
with construct 13 (3SS:Delih, Table 5.4, Figure 5.3h). Another type of pattern
intensified the accumulation of anthocyanm on the corolla tube but not on the lobes.
These had two phenotypes. The first phenotype produced a red patch ofanthocyanin on
the corolla tube which were designated patchy tube. These flowers were only found on
one plant that had been transformed with construct 6 (rbcS la.B-Peru\ Figure 5.3 i). The
other flower phenotype had anthocyanin encircling the corolla tube which were
designated red tube. These flowers were only found on one plant that had been
transformed with construct 10 (35S:B-Peru; Table 5.4). The final category ofaberrant
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flower pigmentation pattern was found in plants transformed with construct 11
(35S:B-Pcru+35S:Cl; Table 5.4). These flowers were intensely pigmented with
anthocyanin and frequently produced a wide variety of "chaotic white blotches". Some
white blotches almost cover the whole flower (Figure 5.3j). The blotches often varied
from flower to flower on the same plant (Figure 5.3k). Despite having white blotches,
on average these plants contained the highest amounts of anthocyanin per fresh weight
compared to the control plants. Finally, the aberrant flower pigmentation patterns almost
always correlated to an increase in T-DNA inserts (Tables 5.4). The only exception to
this are the "chaotic white" patterns observed in construct 1 1 where only one T-DNA
insert was detected for each gene.
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Table 5.4: Summary of the characteristics of the transformed tobacco. This table
includes the initial visual assessment made for the corolla colour of each transgenic plant,
the amount ofanthocyanin, and the number ofT-DNA inserts each plant is carrying.
Tobacco (construct) Flower Amount of Number of
colour anthocyanin T-DNA inserts
(ng/mg ftvt)
1. (35S:C7)
Tl.l pink 37.5 ±7.3
T1.5 pink 42.1 ±14.6
T1.6 pink 136.1 ±8.3
T1.9 pink 56.7 ± 10.2 2
2. (rbcSla:Cl)
2.4 pink 105.5 ±11.3
2.9 pink 36.9 ±5.2
3. (35S-.myb.Ph2)
3.3 pink 196.8 ±7.9 2
3.7 pink 74.1 ±3.6 2
3.8 pink 63.0 ±4.8 5
3.12 pink 151.8 ±8.8 5
4. (rbcSJa-.myb.Ph2)
4.2 pink 66.5 ± 2.4 2
4.7 pink 69.4 ± 4.3 2
4.10 pink 175.3 ±5.7
5. (35S:gus)
5.3 pink 110.3 ±16.9 2
5.7 pink 116.5 ±19.2 2
6. (rbcS la:B-Peru)
6.1 r/w Cossack 408.0 ±75.4 4
6.6 red tube 252.6 ±62.9 4
6.8 pink 120.1 ±15.7 8
6.9 red 577.7 ±29.6 2
7. (rbcS J!a:B-Peru+35S:CJ)
7.1 pink 196.5 ±7.4 1 of each
7.7 pink 65.4 ± 15.8 1 of each
7.12 red 501.0 ±19.2 2 of each
8. (rbcS la\gus)
8.6 pink 114.3 ±4.4 3
8.7 pink 117.5 ±17.5 2
8.8 pink 96.0 ±9.0 2
9. (rbcS la-.B-Peru+rbcS la'.Cl)
9.2 pink 67.2 ± 9.6 1 of each
9.5 pink 110.4 ±12.3 3 of each
9.11 red 511.3 ±44.9 2 of each
126
CHAPTER 5
Table 5.4cont.
Tobacco (construct) Flower Amount of Number of
colour anthocyanin T-DNA inserts
(ng/mg fwt)
10. (35S:B-Peru)
10.1 red 791.3 ±56.5
10.2 pink 75.3 ±21.9 2
10.6 patchy tube 307.2 ±92.8 3
10.7 red 806.5 ±34.1 2
10.10 red 720.7 ±53.3
10.14 red 825.4 ±32.3
11. (35S:B-Peru+35S:CJ)
11.1 dark red 1297.9 ±3.2 1 of each
11.4 dark red wb 1249.9 ± 88.4 1 of each
11.5 dark red wb 1291.5 ± 76.0 1 of each
12. (35S:B-Peru+rbcS la:Cl)
12.1 pink 42.4 ± 19.6 2 of each
12.2 pink 115.6 ±12.9 1 of each
13. (35S:Delila)
13.2 dp/p Cossack 443.7 ± 39.7 6
13.9 dp/p Cossack 395.7 ± 58.2 6
14. (35S:Delila^35S:myb.Ph2)
14.1 dpink 337.3 ±23.0 1 of each
14.2 dpink 307.0 ± 13.6 2 of each
14.3 dpmk 402.3 ±42.7 5 of each
15. (35S:D(?A7^35S:C7)
15.1 dpink 325.4 ± 15.3 1 of each
15.2 dpmk 425.6 ±5.6 1 of each
15.3 dprnk 442.7 ±9.5 I of each
Dpink represents dark pink. Dp/p Cossack represents a dark pink/pink striped Cossack pattern. Wb
represents chaotic white blotches occuning on the corolla. The T-DNA insert column shows the number
of inserts detected in the plant. "Each" in the T-DNA insert column means the indicated number of
each of the two different genes detected.
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Figure 5.3: Photographs of the patterns and visually assessed amounts of the red
pigment anthocyanin accumulated in difiFerent tobacco tissues.
a) This flower, from the plant TH.1 (35S:B-Peru + 35S:C7), demonstrates anthocyanin
accumulation in the corolla tube and lobes.
b) Anthocyanin accumulation in flower anther filaments from tobacco in a control (left)
and transformed plant (center and right)(Tl 1.1).
c) A flower from T5.3 (35S:gus) that represents the amount ofanthocyanin accumulated
in a wild type (pink) flower phenotype.
d) A flower from T14.1 (35S:Delih + 35S-.myb.Ph2) that represents the amount of
anthocyanin accumulated in a dark pink flower phenotype.
e) A flower from T 10.1 (35S:B-Peru) that represents the amount of anthocyanin
accumulated in a red flower phenotype.
f) A flower from T 11.1 that represents the amount of anthocyanin accumulated in a dark
red flower phenotype.
g) A flower from T6.1 (rbcS la'.B-Peru) that represents the red and white striped
Cossack flower phenotype.
h) A flower from T13.2 (35S:Delila) that represents the pink and dark pink striped
Cossack flower phenotype.
i) A flower from T6.6 (rbcS la'.B-Peru) that represents the patchy tube flower
phenotype.
j) An example of a flower from Tl 1.4 (35S:B-Peru + 35S:C7) showing a 'blotch/
white pattern that almost covers the whole flower.
k) An example of flowers from TH.5 (35S:B-Peru + 35S:C7) showing different
'blotch/ white patterns in flowers from the same plant.
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b) Analysis of anthocyanin type, phenotypic pattern and amount in transformed
white clover plants
The distribution and amounts of anthocyanin accumulation in white clover normally
occurs in a larger range of tissues than tobacco. This makes the patterns of anthocyanin
accumulation more varied than that observed with tobacco. Also, similar tissues of a
particular type were not always uniform in their accumulation of anthocyanin making the
white clover difficult to score visually. Therefore, when a particular tissue from each
transgenic plant was scored, six or seven similar tissues from different positions in the
pot were collected and assayed. Anthocyanin was extracted from these pooled samples
and analysed for amount and types ofanthocyanin.
Most anthocyanins were a red-purple colour. To determine the type of
anthocyanin, each extract was scanned spectrophometrically (Appendbc 5). All tissues
containing anthocyanin had a UV absorbance peak at around 540 and 548 nm (Appendix
5). The TLC of the tissues separated two anthocyanin bands at an Rf of 0.4 and 0.2
(Appendix 5). These bands correlated to lotus cyanidin and delphinidin standards,
respectively. Since the absorbance peaks, Rf values and TLC separations coincided with
standards for cyanidin and delphinidin, it is likely that the anthocyanins accumulating in
the tissues sampled were cyanidm and delphinidin.
Anthocyanin accumulation could be grouped into four categories by a visual
assessment, and subsequently a fresh weight (fwt) amount of anthocyanin was
determined for these categories: anthocyanin not able to be detected visually (g or green
in Table 5.5) was measured in the range of 15-40 ng/mg fwt; a low amount of
anthocyanin (+ in Table 5.5) was measured in the range of 40-93 ng/mg fwt; a medium
amount of anthocyanin (+++ in Table 5.5) was measured in the range of 101-146 ng/mg
fwt and a high amount of anthocyanin (11111in Table 5.5) was measured in the range
of 167-348 ng/mg fwt. The plants C2.12 (r^ 7a:C7), C3.12 (35S-.myb.Ph2), C6.2
(rbcS la\B-Peru\ C10.5 (35S-£'Peru) and 10.6 (35S:B-Peru) had increased amounts of
anthocyanin in the majority of their tissues (Figure 5.4a, b and c). The plants C3.1
(35S:myb.Ph2\ C3.8 (35S:myb.Ph2\ C3.9 (35S:m>^.P/»2), C6.1 (rbcS la-S-Peru) and
Cll.l (35S:B-Peru + 35S:C7) had a moderate increase in amounts of anthocyanin in
some of their tissues. All the other plants had no significant increase in anthocyanin,
including the GUS expressing controls.
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Only one plant, C10.5 (35S:B-Peru\ showed a clearly discernible pattern of
altered anthocyanin expression (Table 5.5). Anthocyanin occurred at low levels over the
majority of the upper leaf surface of leaf stage 4 (see figure 5.5 for definitions of leaf
stages), but accumulated most intensely in the "V" or "leaf crescent" (Figure 5.4d, e and
f). The pigment was bright red in colour (Figure 5.4d). Further spectrophometric scans
and TLC confirmed that the anthocyanin pigment was likely to be cyanidin only
(Appendix 5). These leaves generally accumulated 80 ng/mg fwt of anthocyanin in leaf
stage 4, which was about double compared to 35 ng/mg fwt found in the controls. The
amount ofanthocyanin in stage 3 leaves was not measured (Figure 5.4d and e). The
accumulation of anthocyanin was restricted to the epidermal layers of the leaf (Figure
5.4g). The anthocyanin was visible by eye from the earliest leaf stage, until stage 5
where it appeared greatly reduced (Figure 5.4e and 5.5).
5.3.4 Analysis of tannin for possible effects from the expression of the
introduced anthocyanin regulatory genes
Alteration of tannin accumulation has been observed in Lotus plants transformed with
anthocyanin regulatory genes (F Damiani, F Paolocci, PD Cluster, S Arconi, GJ
Tanner, RG Joeseph, YG Li, J de Majnik and PJ Larkin, unpublished). Since a
number of white clover and tobacco plants were showing enhanced expression of
anthocyanin, and obviously expressing the anthocyanin regulatory genes, tannin
accumulation was also examined. Luceme leaves were used in this assessment as a
negative control and Onobrychis viciifolia leaves as a positive control.
Histochemical DMACA staining showed tannins were normally present in the seed
coat and ovules of the tobacco (Figure 5.6a and b), and in the seed coat, flower petals
(Figure 5.6c) and trichomes (Figure 5.6d) in the white clover. All transgenic plants were
assayed by this method and the distribution of tannins did not vary from the wild type.
Extractable tannin levels were measured in the leaves of all transformed tobacco and
white clover plants (Appendbc 2 and 3) and there was no discernible difference from the
controls. A tobacco (TH.5) and a white clover (C10.5) that had exceptionally altered
levels of anthocyanin were compared with gu^-transgemc control plants (C5.3 and T5.7)
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to measure the total tannin levels in specific tissues (Table 5.6). There was no
discernible difference oftannin levels between tissues of the same species (Table 5.6).
5.3.5 Analysis of flavonoids in the transgenic plants
After dismissing any effect on tannin, flavonoid accumulation in various tissues of the
transgenic plants was examined. Experiments described in chapter 4 indicated that a
correlation existed between a lack of flavonoids and transient accumulation of
anthocyanin. This seemed to support the proposal ofHolton et al. (1993a) that flavonols
and anthocyanins in petunia compete for common dihydroflavonol substrates. Therefore,
the transgenic plants that produced highly enhanced anthocyanin levels were assessed for
fluctuations in the levels of plantflavonoids.
a) Analysis of Havonoids in selected transgenic tobacco tissues
A range of tobacco leaves, young flowers (no anthocyanin development, 3-4 days after
breaking through the sepals) and flowers in their prime (anthocyanin developed, fully
expanded, 7-8 days after breaking through the sepals) were analysed for non-visible
flavonoids (flavonoids other than anthocyanin) following TLC separation (Figure 5.7a).
A control plant and two plants expressing enhanced anthocyanin accumulation were
tested. One of the plants expressing enhanced anthocyanin accumulation was
transformed with the rbcS la:B~Peru gene only (T6.1), and the other was transformed
with both the 35S:C7 and 35S:B-Peru genes (TH.1). It seemed as though there was
more flavonoids in the leaves of the transformed plants compared to the control, but this
was not quantified. The only obvious new band appeared in the T6.1 leaf extract (Figure
5.7a). This seemed to contain a new band which was not identified. In the other tissues
no differences were detected between any plant in either types or amounts offlavonoids.
b) Analysis of flavonoids in selected transgenic white clover tissues
A range of white clovers transformed with different genes were analysed for non-visible
flavonoids following TLC separation (Figure 5.6b). The leaf crescents were dissected
from the lamina and both were analysed. No differences were detected between plants
or tissues in either types or amounts offlavonoids.
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Table 5.6: Analysis of the amount oftannin in various plant tissues.
Plant Tissue Extractable Fibre-bound Total
. t *
tannin tannin tannin
Luceme (-) Leaf 0.00 0.00 0.00
Onobrychus (+) Leaf 0.20 0.01 0.21
C5.3 (353:gus) Flower 13.20 0.47 13.87
C5.3 (35S:gus) Leaf 0.02 0.01 0.03
C10.5 35S:B-Peru Flower 13.20 0.47 13.87
C10.5 35S:B-Peru Leaf 0.01 0.02 0.03
T5.7 (35S:gus) Flower 1.10 0.02 1.12
TH.5 (35S:B-Peru+35S:Cl) Flower 1.10 0.03 1.13
-1Tannin is measured as ^g aftannin.(mg dry weight) . Flowers are whole inflorescences for clover and
whole flowers for tobacco. Values are derived from averages of two repeats. C5.3 and T5.7 are
35S:^yj-transgenic controls.
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Figure 5.4: Patterns of anthocyanin accumulated in white clover tissues. Magnification
is indicated. White clover tissues were assessed visually for the red pigment anthocyanin.
a) A stolon from the 35S:gus transformed plant C5.2 (left) and the rbcS la'.Cl
transformed plant C2.12 (right).
b) A petiole from the 35S:gus transformed plant C5.2 (left) and the 35S:B-Peru
transformed plant C6.2 (right).
c) An inflorescence from the 35S:gus transformed plant C5.2 (left) and the 35S:C7
transformed plant C3.12 (right).
d) A portion of a leaf from C10.5 (35S\B-Peru) showing the spread of anthocyanin
across the leaf and accumulation in the crescent. (8x)
e) C10.5 leaves from stages 3, 4, and 5 showing the accumulation and eventual
reduction ofanthocyanin in the crescent.
f) A comparison of stage 4 leaves from the 35S:gus transformed plant C5.2 (left) and
the 35S:B-Peru transformed plant C10.5 (right).
g) A cross section through a leaf from C10.5 showing anthocyanm accumulation in the
epidermal layer on the upper surface.
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Figure 5.5: Definition of white clover leaf stages. The leaf stages from a gus'iransgemc
control (on the top) and C10.5 (35S:B-Peru) on the bottom. Stage 1 (Sl), stage 2 (S2),
stage 3 (S3), stage 4 (S4) and stage 5 (S5) leaf stages are mdicated.
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Figure 5.6: Tannin detected in ^u.y-transgenic tobacco and white clover tissues. The
method used to detect tannin accumulation reveals the tannin as a blue colour. This is
dark when high concentrations oftannin are present in tobacco and white clover tissues.
Magnification is mdicated.
a) Accumulation of tannm in a control tobacco seed coat. (40x)
b) Accumulation oftannin in control tobacco ovules. (40x)
c) Accumulation of tannin in a control white clover inflorescence. (8x)
d) Accumulation oftannin in trichomes on a control white clover leaf. (40x)
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Figure 5.7: Separation offlavonoid extracts from transgenic tissues by TLC. The plates
have been photographed under a UV light source. Migration of the flavonoids on the
TLC plates is in the direction from the bottom of the page to the top.
a) Equivalent amounts of transgenic tobacco dssue extracts loaded onto a TLC plate
and compared to 1 ng of standard Havonols. T6.1 is transformed with the
rbcS la:B-Peru gene and has a red/white Cossack type flower. Tl 1.1 is transformed
with the 35S:B-Peru + 35S:C7 genes and has the most intense red flower phenotype.
Flowers in their prime were defined as having anthocyanin already accumulated, fully
expanded and formed 7-8 days after breaking through the sepals. The flavonoids
observed do not correlate to any of the flavonol standards.
b) Equivalent amounts of white clover tissue extracts loaded onto a TLC plate and
compared to 1 ^g of standard flavonols. The C1.2 plant was transformed with the
35S-.C1 gene, C3.12 with the 35S:myb.Ph2 gene, and C10.1, C10.5, C10.6 and
C10.8 with the 35S:B-Peru gene. The flavonoids observed do not correlate to any of
the flavonol standards.
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5.3.6 Hybridisation analysis of northern blots of total RNA
After assessing GUS and anthocyanin activity, tannin and flavonoid accumulation, RNA
fi'om transformed plants was analysed in order to correlate the observed phenotypic
patterns to the transcription of the transgene(s). Total RNA from clover stolons and
tobacco flowers were hybridised to probes made from the introduced regulatory genes.
It was not possible to obtain hybridisation information for plants containing the Delila,
myb.Ph2 and Cl transgenes. The probes from these transgenes bound non-specificaUy
to the 23S and 18S ribosomal RNA, which obscured the RNA message from the
introduced transgenes. Different washing stringencies were unsuccessful in reducing the
non-specific binding without washing away the transgene signal.
In order to show that the B-Peru gene was expressing in transformed plants a
northern blot of total RNA was hybridised with only the B-Peru gene as a probe (Figure
5.Sb). The only distinct band in the clover is in plant C10.5 (35S:B-Pem), which
contains the red crescent and also had very red stolons. The data indicated that there
was no detectable transgene signal in plants C6.1 (rbcS la'.B-Peru^ not shown in Figure
5.8b), C6.2, C6.4 and C10.8 (35S:B-Peru; not shown in Figure 5.8b). There was no
detectable transgene signal for plants C6.5, C10.1, C10.6. In the tobacco plants,
transgene signals were obvious in the red flowering plants ofT6.9 and T10.10. No
transgene signal was detected m T10.14 (red also), T6.1 (r/w Cossack), T6.6 (red tube)
and T10.6 (patchy tube), or T6.8 and T10.2 (pink flowering plants).
The level ofB-Peru gene expression was determined for each leaf stage produced
by the Cl 0.5 (35S:B-Peru) plant (the clover with the red crescent) and a control plant
(Figure 5.8c). RNA from the control leaves did not hybridise to the B-Peru probe.
However, the signal in the Cl 0.5 RNA lanes increased sequentially from stage 1, which
had the lowest signal, to stage 5 which contained the most signal. The increase in signal
was marginal from stage 1 to stage 3. The increase by stage 4 was double the amount
observed in stage 1 and was nearly tripled by stage 5. These amounts correlated to
increasing levels ofanthocyanin in the leaf, except in stage 5 which had the most B-Peru
message and yet had no visible anthocyanin.
139
*
CHAPTER 5
5.8: Hybridisation analysis of total RNA samples in order to determine level of the
expression of introduced anthocyanin regulatory genes.
a) A northern hybridisation of a blot containing total RNA samples from clover (stolons)
and tobacco (corollas) plants transformed with constructs 6 (rbcS la:B-Peru) and 10
(35S:B-Peru\ probed with the B-Peru gene. The clover negative (C-ve) lane contains
total RNA from the ^-transgenic control clover C5.2. The tobacco negative (T-ve)
lane contains total KNA from the ^u-s-transgenic control tobacco T5.7. Each lane is
loaded with 30 ng of total RNA.
b) A northern hybridisation of a blot containing total RNA samples from leaf stages
from the white clover C10.5 plant (transformed with construct 10, 35S:B-Peru) and a
control plant C5.2 (35S:gus), probed with theB-Peru gene. Leaf developmental stages
are indicated (S1-S5). Each lane is loaded with 30 |^g of total RNA.
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5.3.7 Heritability of transgenes
WhUe the analysis of the originally transformed plants (To) was nearing completion, next
generation plants were being assessed for the heritability of the transgenes (Ti). The
heritability of the transgenes is dependent on the stability of the transgenes in subsequent
generations. This section follows the heritability of the selectable marker conferring
resistance to PPT, as well as the increase in the accumulation of anthocyanin in certain
tissues.
a) Analysis of the heritabUity oftransgenes in tobacco
Seed was collected from To plants, sprinkled into pots and germinated. Once small
plants (1 cm tail) were established, some were pulled out to reduce numbers. They were
counted and sprayed with PPT. After two weeks, the number of live plants was
recorded to give a survival ratio (Table 5.7) which indicates the inheritance of the
35S:Aar gene selectable marker. The tobacco plant T5.7 (35S:gus and pnos'.nptll, which
confers kanamyacin resistance) was a control to make sure that the amount of PPT
sprayed onto the plants was sufficient to kill them. No T5.7 plants survived (Table 5.7)
showing that the concentration and amount of the PPT used was effective. Seeds from
two To plants transformed with the rbcS la'.gus and 35S:bar gene, T8.6 and T8.7, were
used as a control to make sure that the amount ofPPT sprayed onto the plants was weak
enough to allow those plants resistant to PPT to survive. y2 values were calculated for
the observed survival ratios and if p> 0.05 the ratio was acceptable compared to one of
the three expected ratios for segregation. However, T-DNA copy number predicted by
the segregation ratio rarely correlated to the T-DNA copy number as determined by
Southern analysis. Plants from T8.7 showed a pattern of resistance expected for two loci
(2 T-DNA inserts), 15:1 live to dead segregating ratio (Table 5.7). Self progeny ofT8.6,
with 3 T-DNA inserts, had a segregation for PPT (3 : 1) consistant with a single locus.
It was clear that the amount of PPT used was effective in selection of plants
expressing the 35S:bar gene. For 1 copy of the T-DNA msert a 3:1 survival ratio is
expected. This ratio was observed in Ti plants from T6.1 (rbcS la.B-Peru), T6.6, T6.9,
TlO.l (35S:B'Peru\ T10.10. T10.6, T12.1 (35S:B-Peru + rbcS la:Cl) and T14.1
(35S:Delila + 35S-.myb.Ph2). However, some To plantshad multiple T-DNA inserts,
141
CHAPTER 5
T10.6 which had 3 and T12.1 which had 2 inserts, which should have given different
ratios. Also, T10.2 and T10.7 plants, which contained 2 T-DNA inserts, displayed a
ratio indicative of two independent loci. Plants from T15.2 (35S:DeUla + 35S:C7) and
T11.4 (35S:B-Peru + 35S:C2) seeds displayed the unusual live to dead ratio of 1:3,
suggesting weak bar expression which is marginal for survival at the level of PPT
sprayed in this test. Seeds from the plants T7.1, T10.14, T12.2, T13.2, T13.9, T15.1
and T15.3 displayed no resistance to the PPT suggesting inactivation or loss of the
.
inserts.
After selection with PPT, 5-6 plants from each Ti transgenic line were chosen at
random and grown to flowering. The plants from T8.6 and T8.7, which contain the gus
gene, were used as a control for heritable flower colour. No change in colour was
observed in these plants. For the other plants, since the introduced 35S:Aar gene and the
anthocyanin regulatory genes are linked, the colour of the flowers should show 100% of
the parental phenotype (in a ratio of one homozygous to two heterozygous flowers).
The PPT selection which culled out plants not containing or expressing the 35S:bar gene
should have also culled out plants not carrying the linked anthocyanin regulatory genes.
However, only three plants showed a 100% inheritance of the parental phenotype. These
were the Ti plants from T12.1 which maintained a lack of anthocyanin accumulation, and
T 14.1 and T 15.2 which maintained the dark pink phenotypes from their parent plants.
The other Ti lines produced flowers bearing the parental phenotype but not at the
expected 100% ratio.
The aberrant flower phenotypes did not seem to be consistently inherited in the
second generation (Table 5.7), suggesting that the mechanism inhibiting the transgenes
acts uniquely m each independent plant. Ti plants from T6. 1 lost the parental Cossack
phenotype to produce 100% red flowers suggesting that the inactivation of the transgene
exhibited in the To plants had been lost. The progeny from T6.6 lost the parental patchy
tube phenotype to produce 100% pink flowers suggesting that total inactivation of the
transgene has taken place. Ti plants from the T6.9 and Tl 1.4 groups produced a new
aberrant flower phenotype called red rimmed. This type of flower produced a dark red
accumulation of anthocyanin around the lip of the corolla lobes, while the rest of the
corolla remained pink. Other than this new phenotype, the Ti plants from T6.9 produced
red flowers like the parental phenotype. Progeny from the T 11.4 plant gained a dark
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pink phenotype as well as producing parental phenotype flowers minus the white
blotches. Also, a number of Ti plants gained a Cossack type flower. This occurred in
the Ti flowers from the To plants T10.2 (pink flowers), T10.6 (patchy tube) and in
T10.10 (red flowers) groups of plants. Finally, one of the Ti plants from T10.7
produced a white patchy pattern, opposed to the other red flowering phenotypes that
reflected the parental phenotype.
Some progeny fi-om T15.2 (35S:£)e/?to-35S:C7), T10.2 (35S:B-Peru) and T10.1
plants did not produce flowers. They produced a stigma, an infertile ovary and no
corolla.
b) Analysis of the heritability of transgenes in white clover
The stable inheritance of anthocyanin was examined in two tissues of one particular
transgenic white clover. These were the anthocyanin containing crescent and the stolons
observed in C10.5 (35S:B~Peru). This plant contained 2 T-DNA inserts (Table 5.5) and
the red crescent phenotype. Crosses were made between the C10.5 plant and a wild-type
white clover and the progeny were identified by letters of the alphabet (Table 5.8). Out
of seven plants, five had the red crescent trait and two had green leaves. One of the two
green plants did not have crescents and consequently no anthocyanin, since the
anthocyanin seems closely linked to the crescent marking. Five of the six plants with the
red crescent trait appeared to have less anthocyanin than their parent, which may indicate
that these individuals contain only one insert. All plants with the crescents that
accumulated anthocyanin, lost their anthocyanin by the very oldest leaf stage. In progeny
plant C(10.5xWt)d the stolons were coloured even though the crescents were not.
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Table 5.8: The progeny ofClO.5 and wild type white clovers crosses assessing the
heritability of the anthocyanin containing crescent and stolons.
Cross Progeny Crescent present Crescent colour
Cl 0.5 parent yes very red
Wt parent yes green
C10.5xWt a no
C10.5xWt b yes red
C10.5xWt c yes red
C10.5xWt d yes green
C10.5xWt e yes red
WtxClO.5 a yes very red
WtxClO.5 b yes very red
Ex red represents extremely red. The first plant in the cross represents the female recipient and the
second plant represents the pollen donor.
145
CHAPTER 5
5.4 Discussion
The aim of the experiments described m this chapter was to determine if anthocyanin
regulatory genes would modify anthocyanin when transformed into white clover. The
results presented in this chapter showed that genes of the myc family modify
anthocyanin patterns in tobacco. I have now extended this observation to the
Leguminosae. The results show that A. tumeifaciens mediated transfer of maize
regulatory genes into white clover can modify anthocyanin accumulation. Southern
hybridisations of genomic DNA and nonhem hybridisation analysis of RNA from the
transformed plants indicated that the increase in anthocyanin was due to the transgene.
This new plant phenotype could be inherited by the progeny.
5.4.1 Anthocyanin accumulation in transformed white clover plants
A number of authors have found that the introduction of myA-type (Cl) genes into
Petunia cv. Old Glory Blue, Arabidopsis and tobacco produced no alteration in the
accumulation of anthocyanin (Lloyd et a/., 1992; Davies et a/., 1995; Mooney et at,
1995). An unexpected result in the transformed white clovers was that the increase in
anthocyanin was not limited to myc-type (B-Peru) gene. Anthocyanin was also enhanced
in plants transformed with myb-type (C7, myb.Ph2) genes. In the white clover plants
containmg myb-type T-DNA inserts alteration of the amount of anthocyanin in various
tissues varied when compared to the control plants in the same glasshouse. It was
therefore unlikely that the increase in anthocyanin was from an external influence such as
light or temperature, and more than likely the result of the mtroduced T-DNA copy or
copies. The signal from northern hybridisation analysis was umnformative as to
whether introduced myb message was accumulating in the anthocyanin containing
tissues of these plants. Further analysis with these plants might build more persuasive
evidence that myb-type genes on their own can increase the accumulation of
anthocyanin in clover. No time was available to test for cosegregation of phenotype
with the transgene in progeny.
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The myc-type genes were expected to alter the anthocyanin phenotype in white
clover because they have modified anthocyanin in nearly every plant species that they
have been transformed into (Lloyd et al., 1992; Davies et a}., 1995; Mooney et al.,
1995). The analysis of the C10.5 plant gave evidence that the altered anthocyanin
phenotype was a result of the expression of the B-Peru transgene. The mRNA
accumulation of the B-Peru gene in leaf tissues showed a sequential increase in signal
from early to late leaf stages that correlated with increasing anthocyanin in the leaves,
as would be expected. However, the fmal leaf stage which accumulated the most
B-Peru signal, lost visible anthocyanin, which was not expected. This means that the
regulatory gene mRNA levels do not correlate to levels of anthocyanin in stage 5
leaves. Perhaps some other gene product, not regulated by B-Peru, or the supply of
metabolite becomes limiting in stage 5 leaves. Another possiblity is that the rate of
degradation of anthocyanin in the stage 5 leaves is faster than the synthesis of
anthocyanin. The degradation pathway of anthocyanin is poorly understood (Stafford,
1990), because of the size and accessibility of the tissue that the loss of anthocyanin
occurs in. This plant (cl0.5) may represent a good genetic resource in which it can
be studied.
The pattern observed in the leaves of the C10.5 plant has not been described in
other studies of naturally occurring anthocyanin patterns in white clover populations.
There are seven naturally occurring anfhoeyanin patterns that have been found in the
leaves of white clover. The variant called "Red Flecking" is a very common pattern,
of which the number and intensity of colour of the flecks varies greatly from plant to
plant (Camahan et al., 1955). The variant called "Red Midribs", which is a very
rare pattern, is a reddish-purple marking extending along the mid-rib of each leaflet
(Camahan et al., 1955; Corkill, 1971). The variant called "Red Leaves", which are
also seldom observed, are a purple colour that covers the upper surface and sometimes
the underside of the leaf, except for the leaf margin (Camahan et ai, 1955; Corkill,
1971). The variant called "Diffuse Red Leaf* extends over the whole surface of the
leaf, on both the upper and lower surface, sometimes extending to the petioles, and
varies greatly between plants in intensity (Corkill, 1971). The variant called "Red
Leaflet" colours the portion of the terminal leaflet's upper surface between the
V-marking and the attachment to the petiole, with the colour sometimes extending to
147
CHAPTER 5
the portion of the adjacent leaflets adjoining the red area of the terminal leaflet
(CorkiU, 1971). The variant called "Halo Marking" associates with the V, and is a
narrow red band within the V. The pattern produced by the introduction of the
35S:B-Peru gene (a myc-type gene) in white clover leaves is most similar to one
described by Hovin and Gibson (1951). They describe their pattern, called "Vr2", as
a red-purple V shaped marking on young leaflets, spreading within the normal white
V and to the proximal and distal ends of the midrib as the leaves become older. From
thdr description it appears that their pigmented leaf pattern contains both cyanidin and
delphinidin. The crescent produced by the transformation of white clover with the
35S:B-Peru gene, to create C10.5, was determined to contain cyanidin only, as in the
halo marking. The leaves from C 10.5 accumulate anthocyanin slightly over the leaf
surface, but mostly in the leaf crescent, filling the V, as early as stage 2 leaves. This
anthocyanin does seem to spread across the leaf, but in a very diffuse manner. Unlike
any of the patterns mentioned, the C10.5 anthocyanin pattern diminishes as the leaves
become older. The type of anthocyanin pigmentadon pattern in C10.5 is novel. This
marking may be useful in idendfying cultivated varieties or the detection of vanetal
contamination during seed increase. Other uses for this plant will be discussed in the
next chapter (chapter 6).
5.4.2 Anthocyanin accumulation in transformed tobacco plants
Tobacco plants were used as a control for the white clover plants to ensure that the
anthocyanin regulatory genes functioned when delivered by the transformation vectors
into plants. The transformation of tobacco plants with anthocyamn regulatory genes has
been described in two papers (Lloyd et a/., 1992; Mooney et a/., 1995). These authors
describe the effects myc-type (35S:Lc and 35S:Delila) and myA-type (35S:C7)
anthocyanin regulatory genes have had on tobacco plants. In the experiments detailed in
this chapter the myh-type genes used for transformation were Cl and myb.Ph2. Both of
these coding regions were under the control of the 35S or the rbcS la promoters.
Northern hybridisations of the tobacco plants transformed with any of the Cl and
myb.Ph2 genes were uninformadve as to whether introduced myb message was
accumulating in the flowers of these plants. However, all forty tobacco plants
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independantly transformed with the Cl and myb.Ph2 genes, produced the same
phenotype that was observed by Lloyd et al. (1992). This was a pink phenotype, not
altered from the wild type pattern of anthocyanin accumulation. Additionally, since the
biolistic bombardment experiments in this project have shown that the Cl gene is
functional, it is more than likely that northern hybridisation methods using purified
mRNA rather than total RNA will confirm gene expression m some of the transformed
tobacco plants.
The ywyc-type anthocyanin regulatory genes used for transformation in this project
were B-Peru and DelUa. The B-Peru coding region was under the control of either the
35 S or the rbcS la promoter, the Delila coding region was only under the control of the
3 5 S promoter. These gene constructs reproduced the expression of the myc-iype genes
described by Lloyd et at. (1992) and Mooney et al. (1995). The B-Peru coding region,
which was not been studied in transformation experiments prior to this project, gave
intense pigmentation in the corolla. The Delila coding region gave enhanced
accumulation of anthocyanin, but at a much lower level than either of the B-Peru
constructs. A comparison of the four types of genes that have been studied
(35S:B-Peru, rbcS la.B-Peru, 35S:Deljla and 35S:Zc) show that in the plants used, the
maize anthocyanin regulatory genes produce a more pronounced effect on anthocyanin
accumulation than the genes from dicotyledonous plants. Transforming tobacco plants
with a construct containing the Delila and CV gene in this project gave a dark pink
flower. Other tobacco plants transformed with just the Delila coding region (not shown
in Table 5,4) also produced dark pink flowers. These results suggest that the Delila
protein does not interact well, or at all, with the Cl protein. Additionally, the reduced
level of anthocyanin produced by the Delila containing plants compared to the B-Peru
containing plants, may be because the Delila protein is more specific in its interaction
with the structural genes than the maize Myc-type proteins. Mooney et al. (1995)
explains that this could be because the Delila protein has different requirements for
interacting with promoter sequences or other restricting factors. This afiFect may also
have something to do with Delila affecting only the later pan of the pathway from DFR
to UF3GT (Martin et al., 1991), as compared to the maize anthocyanm regulatory genes
which have been shown to affect CHS to UF3GT (Goff et a/., 1990). Perhaps the
transformation of the Delila gene into tobacco plants with its complementary myb-type
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gene, or the corresponding gene that controls the pathway from CHS to DFR may
counter this effect. Transformation of the Delila gene into tobacco plants with the maize
35S:C7 myb-type gene (that controls from CHS to UF3GT) does not seem to alter the
anthocyanin intensity. Using some of these other genes in conjunction with the Delila
may increase the anthocyanin intensity to resemble that produced by the maize
anthocyanin regulatory genes.
This project is the first to produce primary transgenic tobacco plants that express
both myc- and wyA-type genes. This was done by engineering both genes into the one
transformation vector. Using four maize anthocyanin regulatory genes a comparison
was made between tobacco lines expressing both the B-Peru and the C2 genes with
different promoters fTable 5.9). The intensity of flower colour in tobacco plants
containing both the B-Peru and the Cl genes seemed dependant on the promoters. In
plants transformed with constructs 7 (rbcS la'.B-Peru + 35S:CJ) or 9 (rbcS la'.B-Peru +
rbcS la\Cl\ red flowers were only produced in plants containing 2 T-DNA inserts. In
construct 12 (35S:ff-Peru+rbcS la'.Cl\ two inserts did not produce red flowers.
Additionally, plants transformed with constructs containing the rbcS la promoter
(constructs 7, 9 and 12) produced flowers less intense in colouration than the
construct carrying both genes with the 35S promoter (construct 11). The 35S
promoter appears to be more efficient than the rbcS la promoter, at least in the cells
at the developmental stages necessary for altering the pigmentation. It might have
been predicted that construct 12 (rbcS Ja:C\+35S:B-Peru) would have resulted in
enhanced pigmentation more frequently than constructs 7 or 9 which both carry the
rbcS Ja'.B-Peru gene. The fact that it did not, might suggest some inactivadon
mechanism such as RNA-mediated sense suppression.
Table 5.9: The flower colour of tobacco plants transformed with four chimeric maize
anthocyanin regulatory genes.
Construct No. Cl promoter B-Peru promoter T-DNA insert No./Flower colour
9 rhcS la rbcSla 1/pink or 2/red
7 35S rbcS la 1/pink or 2/red
12 rhcS la 35S l/pinkor2/pink
11 35S 35S 1/very red
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5.4.3 Anthocyanin overview
Anthocyanin expression was more limited than the GUS expression, occurring in the
flowers of tobacco and most aerial tissues in the white clover. The comparison of tissues
that expressed anthocyanin and tissues that expressed GUS indicate that the overall
patterns of expression of anthocyanin is constrained by other, as yet unidentified factors.
Using anthocyanin regulatory genes as well as genes for structural en2ymes of the
pathway, such as CHS and DFR, in northern hybridisation analysis ofmRNA from clover
and tobacco tissues would provide additional useful information. Using regulatory genes
as probes would show if the introduced regulatory genes expressed in tissues not
exhibiting anthocyanin. The use of the structural genes as probes would monitor the
induction of the structural genes in tissues not expressing anthocyanin.
This project provides additional evidence suggesting that a functionally similar
transcription process for the production of anthocyanin occurs in a wide variety of
disparate plant species. That is, the myc anthocyanin regulatory genes from maize can
augment the activity of myc-like products in different plants that are limited for
anthocyanin synthesis. The Myc-type genes (B-peru or Delila) seem to have a much
greater impact on anthocyanin in transformed plants than the Myb-type genes (C2 or
Myb.Ph2). Thus the Myb-like proteins can be regarded as a master switch, determining
ifanthocyanin is turned on or not, while the Myc-like proteins are used to determine the
intensity ofanthocyamn accumulation.
5.4.4 Perturbations in other pathways as a result of the introduction of
the anthocyanin regulatory genes into white clover and tobacco
plants
Perturbations in other pathways, as a result of the introduction of the anthocyanin
regulatory genes, have been observed in the pathway for trichome development m
Arabidopsis (Lloyd et aL, 1992), the tannin biosynthetic pathway in Lotus (F Damiani,
F Paolocci, PD Cluster, S Arconi, GJ Tanner, RG Joeseph, YG Li, J de Majnik and
-I
PJ Larkin, unpublished), the flavonol pathway (Holton et al., 1993a) and pathways for
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growth and development in Petunia (Quattrocchio et al., 1993). In this project the
flavonol and tannin pathways in white clover and tobacco were not greatly perturbed by
the introduction of anthocyanin regulatory genes. The tobacco leaves assayed showed
the only evidence that anthocyanin regulatory genes might be affecting another pathway.
Quantitative analysis of these tissues would be required before conclusions on amounts
and types of altered flavonols could be made. An effect on development and
regeneration was observed with low numbers of regenerated plants recovered in both
white clover and tobacco transformed with constructs 7, 9, 11, 12, 14 and 15 which
contamed both a myc and a myb gene. This is supportrd by Quattrocchio et al. (1993),
who found lower numbers of transgenic plants regenerated when the myc gene, Lc,
was expressed.
In tobacco, constructs 7, 9, 14 and 15 often produced spindly leaves and severely
deformed flowers that produced no seeds. This was also observed in the heritability
experiments involving the plants T10.1, T10.2 and 15.2. where no flowers were
produced on some of the plants (Table 5.8) and as a consequence no seed could be
collected. The development ofinfertile flowers was only observed in tobacco expressing
myc genes, and would be due to increased Myc production from the anthocyamn
regulatory genes occurring in a homozygous form.
5.4.5 Inability of some transformed tobacco plants to display
phenotypes expected to be conferred by the introduced
transgenes
In the course of this project, some tobacco plants failed to produce a particular
phenotype or exhibited only partial expression of the introduced transgenes. This was
seen in both the original transformed plants and in the subsequent experiments for
transgene heritability. This inability to display the expected phenotype can be explained
by a number of different phenomena that form two groups: those associated with
mutations of the genes, such as the insertion of mobile elements, natural rates of
mutation andrearrangements in the insertional process; and those associated with
silencing such as antisense inactivation, cosuppression of homologous transgenes,
methylation of a gene by the plant genome including positional efiFects, and multiple 3 5 S
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promoter effects (See section 1.5.4). There were many examples of lacking or lost
phenotype. The most probable explaination is that difiEerent types of silencing are
affecting the introduced genes, and possibly the endogenous genes in some cases.
Silencing will be used to interpret the inability of the transformed tobacco plants to
display phenotypes conferred by the introduced transgenes. In order to ascertam the
exact mechanisms inactivating the transgenes, nuclear run-on experiments and
methylation studies would need to be carried out in order to determine if the introduced
genes are producing RNA in the nucleus.
a) Silencing used to explain the unusual flower phenotypes observed in the To
and TI plants
Two types of unusual flower phenotypes were observed in these plants. The first type
included transgenic lines that were expected to produce enhanced anthocyanin
accumulation but did not. The second type produced enhanced anthocyanin
accumulation only in areas of the flower corolla. The first type of flowers were
observed in T6.8, T7.1. T7.2, T9.2, T9.5, T10.2, T12.1 and T12.2. Multiple
T-DNA inserts were found in the plants T6.8 (8), T9.5 (3 of each gene), T10.2 (2)
and T12.1 (2 of each), the others had a single T-DNA insert fTable 5.4). It may be
that the inactive plants with single inserts are inactive because of insertional
rearrangement or methyladon. It has been shown that different regions of genomic
DNA are variably hyper-methylated and that an introduced gene will be selectively
silenced depending on its position in the genome (Meyer, 1995). The plants
containing multiple T-DNA inserts may have also been influenced by this type of
methylation. Alternatively, the muldple inserts may have produced a homology
dependant type of silencing, also seen in the experiments of van der Krol et dl.
(1990a) where petunia had reduced floral pigmentation due to additional copies of the
T-DNA. Hobbs et al. (1993) found that once methylation of a transgene had
occurred, a decrease in activity was always found regardless of how many copies are
inserted. Additionally, in the T, of T10.2 (35S:B-Peru) some flowers exhibited
enhanced anthocyanin accumulation. This means that T10.2 is probably being
affected by methylation because the To plant has inactive transgenes (a pink corolla),
while in the T[ plant, the restriction on the activation of the genes in the T-DNA has
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been relaxed but not totally released because some corollas possess enhanced levels of
anthocyanin (Table 5.8). This relaxing has created a flower that can be categorised
into the second phenotypic type of flowers: those that produced enhanced anthocyanin
accumulation only in areas of the corolla.
The second phenotypic type of flowers were termed aberrant flowers types.
These aberrant flower types were noticed in both To and Ti plants. The various types of
aberrant flowers may represent various types of sUencing.
The red tube, patchy tube and red rimmed flowers represent potential transgene
inactivation rather than RNA mediated suppression. This is because the wild type
colour is present where the transgene has been inacdvated. The transgene in the red
tube flowers would represent an example of an aberrant flower type that has been
effected late in the development of the flower. This would result in a red tube, where
the transgene was active, and a pink lobed flower, where the transgene was
inactivated and the endogenous gene allowed to function. In the patchy tube flower,
the transgene would be affected late in flower development. However, the transgene
is active for a set developmental time, in a set area of tissue, and totally inactivated in
the rest of the corolla allowing the endogenous anthocyanin genes to function. In
northern hybridisation analysis for the B-Peru transgene signal in RNA from patchy
tube and red tube flowers, no signal is detectable. For the patchy tube and red tube
flowers, the lack of signal may be attributed to the small area of the whole flower in
which enhanced anthocyanin accumulates. If only the tissues accumulating enhanced
anthocyanin make RNA from the transgene, then a reduced amount of signal per
flower would result. Increasing the amount of RNA or using only the red part of the
flower in RNA extractions may increase the signal. This is also evidence that the
RNA from the transgene is either being degraded very quickly or not being produced
at all in the pink or white sections of the flowers. Red rimmed flowers would be the
result of inactivation of the transgene very late in flower development.
Some of the plants transformed with construct 11 (35S:B-Pen<+35S:C7)
produce chaotic white blotches which suggests that both the transgene and the
endogenous gene have been inactivated. Silencing of both the endogenous and
transgenes seems to occur randomly over time and in tissues throughout the
development of the flower. Thus, no two flowers on the one plant are similar. White
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sectoring in pelunia flowers has been recorded by Napoli et at. (1990), who
demonstrated a sense suppression effect which occurs when extra "sense" copies of a
chs gene are introduced.
One possible reason for the difference between the red/white Cossack and the
dark pmk/pink types produced in this project may be that the dark pink/pink type only
inacdvates the transgene, while the red/white inacdvates both the transgene and the
endogenous gene.
One interesting observation about the inactivity of the anthocyanin regulatory
genes in the progeny is that the silenced phenotype is not stable, different patterns
may be gained even in plants that were not previously exhibiting effects of
inacdvation, or they may be lost. Aberrant flower phenotypes are not specific to an
individual construct. The erratic nature of this inactivation suggests the involvement
ofRNA mediated silencing in the To.
b) Silencing used to explain the mactivation and unexpected heritabiUty ratios of
the PPT gene in experiments using the Ti plants
The PPT selection of tobacco plants shown in Table 5.8 was initially used to provide
information on the segregation ratio for the T-DNA insert. These experiments also
provided information on the inactivation of the bar gene in a variety of constructs. The
constructs contained a varying number of 35 S promoters which have been demonstrated
to be subject to silencing (Park et a/., 1996). It is often observed that more 35S
promoters create a greater chance of inactivation (Linn et a/., 1990). In this project
there did not seem to be a strong correlation between the PFT resistance and the total
number of 35S promoters in the genome of the transgenic plants. For example, in
T14.1, which contains a total of three 35S promoters (one T-DNA insert with three
35S promoters, see Table 2.4), should have a high chance of silencing. Instead the
progeny produced the expected 3:1 survival ratio. T13.2 and T13.9 had a total of 12
35S promoters and were inactivated, while T12.2 had one and was also inactivated.
Total inactivalion of the bar gene occurred in T7.1, T10.14, T12.2, T13.2,
T13.9, T15.1 and T15.3 resulting in no PFT resistant progeny. This inactivation does
not correlate to gene orientation nor the total number of 35S promoters.
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Another effect observed in these expehments was inactivadon of only some of
the bar genes. The segregation ratios should reflect the number of genes inserted into
the genome. For example T6.1, T6.6 and T6.9, which were transformed with the
construct containing the rbcS la:B~Peru gene, have the classical survival ratio of 3:1.
The To plants had multiple T-DNA inserts, the seggregation of which is not reflected in
this ratio. This indicates that three of the bar genes in T6.1 and T 6.6, and one in T6.9
have been inactivated in the progeny. Also, the survival ratio observed in the T8.6
(rbcS la'.gus) plant progeny was close to that expected from 1 locus (1 T-DNA insert),
but it contained 3 T-DNA inserts, indicating that the phenomenon was not limited to
constructs containing the anthocyanin regulatory genes.
The live to dead ratio of 1:3 observed in the progeny from TH.4 and T15.2,
which both have one T-DNA insert, is unusual. It may indicate that in the Ti plants,
bar expression has been lessened to the extent that only the homologous offspring
express sufficient PPT resistance to survive the levels of PPT used in this experiment.
The erratic nature of the inactivation of the bar gene reflects the erratic nature
observed for the accumulation of anthocyanin, and again strongly suggests silencing.
5.4.6 Heritability of the transgenes
The heritability of the transgenes into subsequent generations gives an indication of
the stability of expression and whether increased or decreased expression will result in
progeny, notably when homozygous for the transgene. In the tobacco heritability
experiments, in general if the To plant accumulated enhanced levels of anthocyanin it
was able to pass this capacity onto the next generation.
In the clover Cl 0.5 plant, the presence of two T-DNA inserts predicts that a 3:1
segregating ratio oftransgene to no transgene would be expected in the cross to a non-
transgenic control. The ratio of 2.5:1 observed was close to this, although more offspring
would need to be assessed to give statistical validity to this ratio. The hentability
experiments on this while clover also indicated that the lighter crescent pattern seen in
some offspring may be due to the inheritance of one T-DNA insert, while the brighter
pattern may be due to the inheritance of both T-DNA inserts. Southern hybridisation
experiments on the C 10.5 progenywould be required to test this. Additional PAT
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assays to see if the bar gene is segregating with the anthocyanin regulatory gene
should also be carried out on the progeny, to gain a further insight into the genetics of
these plants.
Overall, the progeny of most transgenic white clover lines can inherit the
associated phenotypes. However, for a comprehensive assessment many more
generations need to be monitored.
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Table 6.1: A summary of the major points from each chapter.
Chapter General findings
Chapter 2 The different transient and transformation vectors created for this study
were outlined. The unique method employed to overcome the problems
associated with the insertion of multiple genes into a binary transformation
vector was detailed.
Chapter 3 The maize anthocyanin regulatory genes were shown to be functional in
transient assays of monocotyledonous and dicotyledonous cell lines. These
genes only induced anthocyanin in monocotyledonous cell lines when a
member from each family was delivered by the PIG. Two types of
microparticle delivery systems were compared, and it was determined that
the BioRad helium gun was more proficient at inducing anthocyanin
accumulation in a monocotyledonous cell suspensions than the PIG. Using
the BioRad helium gun with the maize anthocyanin regulatory genes the
optimal ratio and concentration of the genes was determined, and a model
for their interactions presented. Delivering these maize anthocyanin
regulatory genes into the dicotyledonous cell line of Trifolium subterraneum
using the BioRad helium gun induced anthocyanin accumulation in cells.
However, the dicotyledonous anthocyanin regulatory genes could not
induce anthocyanin production in any of the cell suspensions assayed.
Chapter 4 Transient expression experiments m plant tissues of pea and white clover
showed that the maize anthocyanin regulatory genes can work by either
cobombardment, or by presumably complementing an endogenous
anthocyanin regulatory gene. The tissue specificity of the maize
anthocyanin regulatory genes driven by constitutive promoters was also
observed. As in chapter 3, the dicotyledonous anthocyanin regulatory genes
did not mduce anthocyanin accumulation.
Chapter 5 In stable transformation of tobacco, the only tissues found to accumulate
anthocyanin were the corolla and the anther filaments. Both the
dicotyledonous and monocotyledonous myb type anthocyanin regulatory
genes on their own had no visible effect on anthocyanin accumulation. The
dicotyledonous and monocotyledonous myc type anthocyanin regulatory
genes on their own enhanced anthocyanin accumulation. Tobacco plants
expressing both of the maize anthocyanin regulatory genes, B-Peru and C7,
from the 35S promoter produced the most anthocyanin in their corolla.
Plants that had their anthocyanin enhanced often displayed various aberrant
patterns presumably associated with gene silencing.
In stable transformation of white clover the pattern ofanthocyanin does not
seem to follow any set rules. Anthocyanin occurs in a large range of
different tissues. One plant, transformed with the B-Peru gene driven by the
35S promoter, displayed a unique pattern of anthocyanin accumulation in
the leaf. The accumulation of anthocyanin in this plant was closely
associated with the leaf crescent and disappeared in the oldest leaf stage.
The tobacco and white clover anthocyanm pigmentation patterns were
heritable. The plants transformed with both myb and myc anthocyanin
regulatory gene had a much lower transformation efiSciency than those
transformed with just one gene. Finally, the anthocyanin regulatory genes
used in this study had no detectable effect on other flavonoids.
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GENERAL DISCUSSION
6.1 Refuting the null hypothesis of this project
This project set out to investigate the possibility of altering anthocyanin expression in
dicotyledonous plants usmg introduced anthocyanin regulatory genes. The null
hypothesis of this project was that exogenous anthocyanin regulatory genes cannot alter
anthocyanin biosynthesis in leguminous plant species. The evidence obtained from a
series of experiments examining anthocyanin accumulation in cell suspensions, intact
plant tissues and whole plants (summarised in Table 6.1) refuted the null hypothesis.
The results described in chapter 3 showed that biolistic bombardment using the
BioRad helium gun with the maize anthocyanin regulatory genes could induce
anthocyanin expression in a dicotyledonous cell line of Trifolium subterraneum. This
was the first time that anthocyanin had been induced using microparticle bombardment in
any species oflegume.
The results described in chapter 4 showed that transient anthocyanin expression
can be induced in various tissues from the leguminous plants pea and white clover.
Transient anthocyanin accumulation was induced by either co-bombardment with myb
and myc genes, or even with a single myc gene. The latter worked presumably by
complementing the expression of an endogenous anthocyanin regulatory gene. Petunia is
the only other dicotyledonous species which accumulated anthocyanin following biolistic
introduction of anthocyanin regulatory genes (Quattrocchio et a/., 1993). The results
detailed in chapter 3 and 4, and those from Quattrocchio et al. (1993), show that
anthocyanin can be modified in a range of dicotyledonous plants by biolistic
bombardment with maize anthocyanin regulatory genes.
The stable transformation of both tobacco and white clover with anthocyanin
regulatory genes described in chapter 5, changed the natural pattern of anthocyanin
expression. Tobacco plants were used as a control to monitor the function of the
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anthocyanin regulatory genes. Tobacco plants transformed with the dicotyledonous and
monocotyledonous myc type anthocyanin regulatory genes accumulated more
anthocyanin in the corolla and anther filaments than control tobacco plants. Tobacco
expressing both of the maize anthocyanin regulatory genes B-Peru and Cl, driven by the
3 5 S promoter, produced the most anthocyanin in their corolla. In stable transformation
of white clover the pattern ofmduced anthocyanin accumulation does not seem to follow
any set rules, occurring in a large range of different tissues. One plant, transformed with
the B-Peru (myc) gene driven by the 3 5 S promoter, displayed a unique pattern of
anthocyanin, closely associated with the leaf crescent. The only other report of maize
anthocyanin regulatory genes modifying anthocyanin biosynthesis in a novel way, were
previously obtained by Lloyd et al. (1992). They transformed Arabidopsis plants with
constitutively expressed myb and myc anthocyanin regulatory genes resulting in
expression in the root, petal and stamen tissues which do not normally accumulate
anthocyanm. The results described by Lloyd et al. (1992) support the findings described
in chapter 5 and demonstrates that anthocyanin can be modified in dicotyledonous plants
by transformation with maize anthocyanin regulatory genes. Clearly, the null hypothesis
is disproved at three levels, microparticle bombardment of cell cultures, microparticle
bombardment of whole tissues and transgenic plants.
These results show that the anthocyanin biosynthetic machinery of dicotyledonous
plants can still use the products from the maize regulatory genes for anthocyanin
production. Even legumes, which are considered to be highly evolved in terms of their
flavonoid molecules being specialised for microbial symbiosis (Koes et a/., 1994), are still
able to utilise anthocyanin regulatory genes from a monocotyledonous plant.
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6.2 Implications of anthocyanin regulatory gene divergence
In general, anthocyanin is a good genetic marker as it is assayable by visualisation.
However, this assay is complicated by anthocyanin production being influenced by a
large number of factors (discussed in section 1.5). A set of vectors was developed to
enable an examination of anthocyanin biosynthesis in both transient gene expression
experiments and transgenic plants. The vectors were constructed so that they were
functionally similar by containing uniform promoters and termmation regions which
allowed direct comparisons of the different codmg regions in both monocotyledonous
and dicotyledonous plants. In this project, the use of monocotyledonous and
dicotyledonous anthocyanin regulatory genes m resulted in considerable differences in
anthocyanin production. The monocotyledonous regulatory genes were able to produce
anthocyanin in a greater range of tissues, number of species and often with more intensity
than the dicotyledonous genes. These results may have a number of evolutionary
implications for the regulation of the phenylpropanoid pathway, and other pathways,
which are discussed below.
a) Why are monocotyledonous and dicotyledonous anthocyanin regulatory genes
different?
In this project it was shown that maize anthocyanin regulatory genes could activate
anthocyanin production in the dicotyledonous plants, pea, white clover and tobacco, as
well as the monocotyledonous plants, rice and wheat. Also, the Delila gene from
Antirrhinum could induce anthocyanin production in tobacco. Conservation of function
of the anthocyanin regulatory proteins might be expected within monocotyledonous or
dicotyledonous plants, but the conservation of function between monocotyledonous and
dicotyledonous groups of plants poses evolutionary problems. As mentioned before, the
maize anthocyanin regulatory genes control the expression of both early and late
structural genes (c/ur, chi, dfr, uf3gt) required for anthocyanin biosynthesis. This may
have arisen to ensure coordinated expression of the genes from chs to dfr (early part of
the pathway) and from dfr to uf3gt (late part of the pathway) in monocotyledonous
plants (Koes et al., 1994). However, the Delila gene from Antirrhinum only controls
the genes acting late in the pathway (dfr, uf3gt) (section 1.4). This implies conservation
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of the recognition motifs for these regulatory proteins in the structural gene promoters
for the late part of the pathway. Therefore, what mechanism(s) would restrict Delila
proteins to the late pan of the pathway? Other non Myc or Myb factors may impose
additional specificity for the activation of genes in the lower pan of the pathway. These
may attach to a protein complex prior to DNA binding, or be required at specific DNA
sequences, influencing protein specificity. Perhaps monocotyledonous regulatory
proteins are "blind" or insensitive to these other regulatory elements. In order to
increase the level of intensity of anthocyanin accumulation in tobacco corollas using the
dicotyledonous regulatory gene Delila (myc), its myb partner as well as the regulators to
activate the early part of the pathway would probably be needed, to ensure that the
intermediates produced in the early part of the pathway are not limiting.
Mixing anthocyanin regulatory genes from different species was not effective in
any of the experiments conducted m this project. The vectors produced during the
course of this project facilitated the testing of various combinations of anthocyanin
regulatory genes. It was thought that since Cl regulates the entire pathway that perhaps
it might create a more intense accumulation of anthocyanin in conjunction with the
Delila gene. The results produced by the heterologous combination of dicotyledonous
anthocyanin regulatory genes were inconclusive, and an examination of a homologous
pair of dicotyledonous regulators is suggested. The pair most likely to induce
anthocyanin biosynthesis would be the Delila and Eluta genes from Antirrhinum majus
(Koes et a/., 1994). The Delila gene has already been cloned and studied in this project,
and has been shown to be functional in tobacco. Therefore, only Eluta would need to be
cloned into these vectors. Eluta was not available at the commencement of this project
and has not yet been tested in Antirrhinum or maize. The question of interest is whether
the specificity of the dicotyledonous regulatory genes for the late part of the anthocyanin
pathway in dicotyledonous plants, would have an effect on anthocyanin production in
maize which requires regulation of the whole pathway? Would the maize structural gene
promoters recognise the dicotyledonous regulators in in vitro binding and in vivo
activation studies? Thus, characterisation of a functional pair of homologous
dicotyledonous anthocyanin regulatory genes will greatly increase the understanding of
the evolution of the regulation of the anthocyanin biosynthetic pathway.
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CHAPTER 6
chi, dfr with anthocyanin regulatory genes, by binding to their promoters (Grotwold et
al., 1991). However, the uf3gt gene, which is not required for phlobaphene biosynthesis,
lacks the P binding site (Grotwold et al., 1994).
Duplication of the structural genes that preceeded this step resulted in multiple
specialised structural gene copies (Koes et al., 1994). For example, the expression of
root specific and pathogen-inducible expression offlavonoid structural genes is necessary
for plant-microbe interactions in leguminous plants. In Subterranean clover it has been
shown that only a sub-set of the nine chs genes are induced during early nodule induction
(Lawson et a/., 1996). Also, it has been shown that in a soybean chs promoter there are
distinct elements that respond to UV light and pathogens (Wingender et al., 1990). The
discovery in plants of a number of multigene families whose copies are separately
induced, strongly suggests that there also must be multiplicity of regulatory genes which
can induce specific genes. Additionally, these regulatory genes must have inherited
subsets of recognition factors from their early ancestors. This indicates a concept of
overlapping pathways and the need for multiple regulators specific to promoter subsets.
The dicotyledonous anthocyanin regulatory genes must have structural features
that restrict them to the later part of the pathway. However, monocotyledonous
anthocyanin regulatory genes appear to be able to overcome this restriction and activate
even late genes when transformed into dicotyledonous plants. This 'broader action by
these monocotyledonous genes resulted in more mtense anthocyanin in tobacco corollas,
novel colouration in white clover, trichome production in AraUdopsis (Lloyd et al.^
1992) and tannin production in Lotus (F Damiani, F Paolocci, PD Cluster, S Arconi, GJ
Tanner, RG Joeseph, YG Li, J de Majnik and PJ Larkin, unpublished). These results
indicate that when 'older* (monocotyledonous) regulatory genes are introduced into
dicotyledonous plants, the specificity of pathway is not stringently followed. This
indicates that many subsets of promoter recognition sites are being utilised by these
monocotyledonous genes, but finer controls are sometimes ignored. To examine the
finer details of this broader function, experiments in the transgenic plants designed to
assay the effects of the regulatory genes on enzyme activities and mRNA accumulation
using early and late anthocyanm structural genes would be useful.
The experiments described in chapter 4 described transient experiments that
restored anthocyanin biosynthesis m the white petalled peas (cv. Greenfeast, Bohatyr and
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Laura) using only the 35S:B-Peni construct. Therefore, the anthocyanin pathway
mutation affecting pigmentation in petals must be of a regulatory nature because a
stmctural gene mutation would not be complemented by the addition of a regulatory
gene. Additionally, the white petalled pea cultivars produce no tannin in the seed coat, in
contrast to the purple petalled cultivar ofDundale which does produce tannin in the seed
coat (Figure 6.1). Since it has been shown that the Sn (myc) gene effected tannin
production when transformed into Lotus plants (F. Damiani, F. Paolocci, P. D. Cluster,
S. Arconi, G. J. Tanner, R. G. Joseph, Y. G. Li, J. de Majnik and P. J. Larkin,
unpublished), it could be revealing to compare the differences between the B-Peru and
Sn genes in pea. For example, if the B-Peru gene only activated anthocyanin
biosynthesis and the Sn gene activated both tannin and anthocyanin, the difference may
be attributed to the truncated carboxyl terminus in the B-Peru gene (Consonni et al.,
1993). The transformation of pea cv. Greenfeast and cv. Dundale with the 35S:B-Peru,
35S:Sn and 35S:DelHa constructs would compare protein structure with broader
function.
Some plants (chapter 5) showed the pleiotropic effect of producing flowers
without petals and stamens in tobaccos. Pleiotropism is defined by the Collins Reference
Dictionary of Biology (Hale and Margham, 1988, p 427) as "a state in which one gene
affects one or more aspects of the phenotype that are presumed unrelated". Unlike
anthocyanin, PA and flavonols, which are end products of the phenylpropanoid pathway,
sterility and petal production are apparently unrelated to this pathway. Interestingly, the
Oliver and Boyd Dictionary of Biological Terms (Hendeson and Henderson, 1963,
p 451) defines pleiotropism as "multiple effects of a single genetic factor". The strange
flower phenotype may be the result of specific differentiation and developmental affects
of altered types or quantities of products of the phenylpropanoid pathway that are
controlled by copies of myc and myb genes. Myb/Myc-like proteins will also regulate
other aspects of plant metabolism. In section 1.4, it has been shown that there are many
copies of myc genes but only a few are related to anthocyanin biosynthesis. The
anthocyanin myc and myb genes could interfere with other pathways, or other pathway
Myc/Myb concentrations could influence anthocyanin accumulation by protein-protein
interactions or by heterologous silencing. Evidence for this is the poor regeneration rates
observed in plants transformed with both a myb and a myc regulatory gene.
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I would conjecture that, while B-Peru was the most consistent and effective in
altering anthocyanin, Sn and Lc would be more likely to alter other phenylpropanoid
pathway endpoints such as flavonols and tannms. An additional effect is the perturbation
of the factors that influence the symbiosis between the plant and the Rhizobium bacteria.
The "cocktail" of factors (Rolfe. 1988) needed for nodule initiation and successful
symbiosis is very specific, and may be altered by the diversion of products to anthocyarun
synthesis. The experiment described here uses anthocyanin as a marker, but the crux of
this new study would be to examine the possible affect of these regulatory genes on other
products of the phenylpropanoid pathway.
Finally, further modification of the expression patterns may have arisen by alteration
of regulatory gene expression following duplication (Koes et a/., 1994). It has been
suggested that even though the Myb proteins in plants share the homologous Myb
domain (section 1.4, t?igure 1.6), differences in their base contacting residues produce
distinct DNA-binding specificities in different members (Martin and Paz-Ares, 1997).
Another factor might be modification in protein-protein bindmg interactions (Martin and
Paz-Ares, 1997). This has been observed with the anthocyanin regulatory genes by
others, as the required interaction ofaMyc and Myb member for anthocyanin synthesis
(Goffetal., 1992). The stoichiometry experiments in chapter 3 showed that there are
distinct patterns which probably reflect the interaction of the Myb and Myc anthocyanin
regulatory proteins. Also, competition for common target motifFs has been shown for
two flower-specific Myb proteins in Antirrhinum, which alter transcriptional activation
by competing within a cell for the same target sequences (Moyano et a/., 1996). Such
controls would enable the other end products to be synthesised independently by a
number of separate but related regulatory mechanisms.
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6.3 Future applications for the vectors and transgenic plants
created in this project
Transformation of different plant species with anthocyanin regulatory genes has had
varied effects on plant phenotype (described in section 5.1). These include alteration of
the anthocyanin phenotype as well as changes to tannins and trichome development.
There were minimal alterations to other end products of other branches of the
phenylpropanoid pathway tested. One possible use of the altered anthocyanin phenotype
of the clovers, and in particular the clover with anthocyanm in its crescent produced in
the transgenic line C10.5, could be to aid in the creation of a bloat resistant clover.
Bloat, a serious digestive disorder in ruminants, is caused by stable proteinaceous foam
m the rumen which results in death by asphyxiation (Lees, 1992). Forage diets that
contain proanthocyanidins (PA) can form a PA-protein complex that reduces foam
stability and increases bloat safety (Lees, 1992). White clover and luceme do not
produce PA in their leaves and are prone to causing bloat. Since the biosynthesis of PA
shares many of the anthocyanin precursors (Section 1.2.4), if anthocyanin could be
produced in the leaves of these legumes then the majority of precursors for PA will also
have been made. However, excess PA in plants reduces voluntary intake (Kumar and
Singh, 1984). Li et al. (1996) suggest a threshold level of PA for bloat resistance
-1between 1 and 5 mg.g dry matter. Therefore, the production of anthocyanin in white
clover leaves is valuable for two reasons. First, the majority of the precursors for PA
biosynthesis are made available in the leaf. Secondly, if other desirable traits are
engineered into the plant, farmers could use the red crescent as a marker to identify
plants carrying the desirable transgenic traits.
The vectors generated in this project also proved useful for studying gene
inactivation. The two very different transgenes carried by the vectors, for anthocyanin
expression and herbicide resistance, can be easily assayed for gene inactivation using two
methods. One particular type of silencing that is caused by 35 S promoter interactions,
could be easily examined by the use of these vectors. For example, Linn et at. (1990)
discovered that the uniformity of flower pigmentation inversely correlated to the number
of 35 S driven Al (dfr) genes. They also found a correlation between the amount of
methylation of the 3 5 S promoter and the instability of the colouration. The promoters
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for the two anthocyanin regulatory genes and herbicide resistance marker also seem to
interact and cause silencing effects depending on the number and similarity of promoters
in each construct. These vectors not only provide information on the effect of multiple
3 5 S promoters in one T-DNA insert have on each other, but also whether the
phenomenon can be extrapolated to other promoters such as the rbcS la. The
experiments in this project were not designed to study gene inactivation effects.
However the plants already assayed have provided a large set of data on the silencing
effects that multiple genes have on each other in tobaccos. To produce a more
comprehensive set of data for promoter silencing effects, extra cloning to make the
missing permutations, such as genes that transcribe towards each other, and their
transformation into tobacco would need to be undertaken.
One clear advantage of using anthocyanin as a marker in microparticle
bombardment assays is its ease of scoring. The speed of this system certainly facilitated
the work on the regulator stoichiometriy. This may have applications in the cut flower
mdustry. For example, large numbers of plant species' corollas could be assayed for
their ability to be affected by the anthocyanin regulatory genes. If any accumulate
anthocyanin, those plants can be marked for further experimentation by transformation
with those genes, and possibly the creation of flower varieties with new colours or
patterns.
Additionally, the plasmid constructs developed in this research have been sought
after in order to use anthocyanm as a marker in experiments involving grapes (S.
Robinson, Division of Horticulture, CSIRO), in an attempt to transform maize with a
fibre insertion method (T. Pryor, Division of Plant Industry, CSIRO) and to use as
markers for the transformation of sugarcane (A. EUiott, Division of Tropical
Agriculture, CSIRO).
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6.4 General conclusions
The biosynthesis ofanthocyanin through the interaction of the two classes ofanthocyanin
regulatory genes has been studied mainly in monocotyledonous plants and is still poorly
understood in dicotyledonous plants. These genes have not previously been studied in
legumes. This study has produced both transgenic plants and molecular constructs for
the further study of the anthocyanin regulatory genes and their effect in dicotyledonous
plants.
This project has demonstrated that in order to manipulate anthocyanin expression
in a plant, maize anthocyanin regulatory genes offer a greater probability of a result than
do the available dicotyledonous genes. The ability of the maize genes to induce
anthocyanin in a number of different plant species implies that there functional homology
between the anthocyanin "machinery" and the regulatory genes.
The phenylpropanoid pathway, though defined as secondary metabolism, produces
many products of great importance to the plant and to agriculture. The studies described
in this thesis enhance the understanding of the control of the phenylpropanoid pathway
and should lead to tools and applications of direct agricultural benefit.
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Figure 6.1. Tannin accumulation in pea pods. The method used to detect tannin
accumulation reveals the tannin as a blue colour. This is dark when high concentrations
oftannin are present in tissues. The white petalled pea cultivar, cv. Greenfeast (a) do not
produce tannin in the seed coat or pod tissues. The purple petalled cultivar of Dundale
(b) produces a large amount oftannin in the seed coat and a moderate amount in the pod
tissue.
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Appendix I: Vector maps for the transformation constructs.
a) The maps ofpART27, pJDCl, pJDC2, pJDC3, pJDC4 and pJDC5.
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c) The maps ofpJD303, pJDC6, pJDClO and pJDCl3.
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h) ThemapofpJDC14.
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Appendices
Appendix 2: Extractable tannin (PA) in the leaves of tobacco.
Plant Extractable PA (i^g.ml ) Plant Extractable PA (ug.mT1)-1
T8.6 0OnobrychitS +ve
0Tl.l 0 T8.7
0
T1.5 0 T8.8
0
T1.6 0 T9.2
0
T1.9 0 T9.5
0
T2.4 0 T9.11
0
T2.9 0 T10.1
0
T3.3 0 T10.2
*
0
T3.7 0 T10.6
0
T3.8 0 T10.7
0
T3.12 0 T10.10
0
T4.2 0 TKU4
0
T4.7 0 TH.1
0
T4.10 0 TU.4
0
T5.3 0 Tll.5
0
T5.7 0 T12.1
0
T6.1 0 T12.2
0
T6.6 0 T13.2
0
T6.8 0 T13.9
0
T6.9 0 T14.1
0
T7.1 0 T14.2
0
T7.7 0 T14.3
0
T7.8 0 T15.1
0
T7.1 0 T15.20
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Appendix 3: Extractable tannin (PA) m the leaves of white clover.
-I
Plant Extractable PA (ug.mT)
Onobrychtis +ve
C1.2 0
C2.1
C2.4 0
C2.6 0
C2.12 0
C3.1 0
C3.7 0
C3.8 0
C3.9 0
C3.10 0
C3.12 0
C4.2 0
C4.3 0
C5.2 0
C5.3 0
C6.I 0
C6.2 0
C6.4 0
C6.5 0
C8.2 0
C8.3 0
C10.1 0
C10.5 0
C10.6 0
C10.8 0
C 12.2 0
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Appendix 4: Herbicide resistance assays.
a) PAT assays in tobacco.
TobaccoTconstruct) PAT Detected | Tobacco (construct) PAT Detected
+
T6.1 + TlO.l
+
T6.2 + T10.2
T6.5 + T10.3
T6.6 + T10.4
+
T6.7 + T10.5
+
T6.8 + T10.6
+
T6.9 + T10.7
+
T6.10 + T10.8
+
T6.11 T10.9
+
T6.12 T10.10+
+
T6.13 + T10.11
+
T6.14 T10.12
+
T6.15 + T10.13
+
T6.16 + T10.14
T7.1 + TH.1
T7.2 + T11.2
+
T7.3 + T11.3
T7.4 + TH .4
+
T7.5 T11.5
T7.6 + Tll.6
+
T7.7 + T12.1
T7.8 + T12.2
+
T8.2 + T13.1
T8.3 + T13.2
+
T8.4 + T13.3
+
T8.5 + T13.4
+
T8.6 + T13.5
+
T8.7 -1- T13.6
+
T8.8 + T13.7
T9.1 T13.8+
+
T9.2 + T13.9
+
T9.3 + T14.1
+
T9.4 + T14.2
T9.5 + T14.3
T9.6 + T15.1
T9.7 + T15.2
T9.9 T15.3
T9.10 +
T9.11 +
T9.12 +
PAT is present (+) or absent (-).
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b) PAT assays in white clover.
Tobacco (construct) PAT Detected
C6.1 +
C6.2 +
C6.3
C6.4 +
C6.5 +
C6.6 +
C6.7
C6.8
C6.9
C6.10 +
C6.I1 +
C8.1 +
C8.2
C8.3
C8.4
C8.5 +
C8.6 +
C8.7 +
C8.8
C10.1 +
C10.2 +
C10.3
C10.4 +
C10.5 +
C10.6 +
C10.7 +
C10.8 4-
C10.9
C10.10
C12.1 +
C12.2
C12.2 +
C12.3
C13.1 +
C13.2
03.3
+C14.1
C14.2
C15.1 +
C15.2
PAT is present (+) or absent (-).
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c) NPTTI assays in tobacco.f
Tobacco (construct) NPTH Detected Tobacco (construct) NPT2 Detected
+Tl.l + T4.1
+Tl.2 + T4.2
Tl.3 + T4.3
+T1.4 + T4.4
+T1.5 + T4.5
+T1.6 + T4.6
+T1.7 + T4.7
+T1.8 + T4.8
T1.9 + T4.9
T1.10 + T4.10
+
Tl.ll + T4.11
+TU2 + T4.12
+TI.13 + T4.13
+
T1.14 + T4.14
T1.15 + T5.1
T1.16 + T5.2
+
T2.1 + T5.3
+
T2.2 + T5.4
+T2.3 + T5.5
+
T2.4 + T5.6
+
T2.5 + T5.7
T2.6 + T5.8
+
T2.7 + T5.9
T2.8 + T5.10
T2.9 +
T2.10 +
T2.11 +
T2.12 +
T2.13 +
T2.14 +
T2.15 +
T2.16 +
T3.1 +
T3.2 +
T3.3 +
T3.4 +
T3.5 +
T3.6 +
T3.7 +
T3.8 +
T3.9 +
T3.10 +
T3.11 +
T3.12 +
T3.13 +
NFTII is present (+) or absent (-).
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»
d) NPTII assays in white clover.
Clover (construct) NPTH Detected
Cl.l
C1.2
C1.3
+C2.1
C2.2
C2.3
+C3.1
+C3.2
C3.3
*
C3.4
C3.5
C3.6
+C3.7
+C3.8
+C3.9
+C3.10
+C3.12
+C4.1
+C4.2
+C4.3
C4.4
C4.5
C4.6
+C5.1
C5.2
+C5.3
C5.4
C5.5
+C5.6
NPT1I is present (+) or absent (-).
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Appendix 5: Anthocyanin Anux and Rf.
a) Anthocyanin Anuix and Rf m tobacco.
Tobacco Anux Rf Tobacco Amax Rf
(construct) (construct)
540 0.4
Tl.l 540 0.4 T10.1
539 0.4
T1.5 539 0.4 T10.2
540 0.4
T1.6 540 0.4 T10.6
540 0.4
T1.9 540 0.4 T10.7
540 0.4
T2.4 539 0.4 T10.10
539 0.4
T2.9 540 0.4 T10.14
540 0.4T3.3 540 0.4 ni.i
540 0.4
T3.7 540 0.4 TH.4
540 0.4
T3.8 539 0.4 T11.5
539 0.4
T3.12 540 0.4 T12.1
540 0.4
T4.2 540 0.4 T12.2
540 0.4
T4.7 540 0.4 T13.2
540 0.4
T4.10 539 0.4 T13.9
539 0.4
T5.3 540 0.4 T14.1
540 0.4
T5.7 540 0.4 T14.2
539 0.4
T6.1 540 0.4 T14.3
540 0.4
T6.6 539 0.4 T15.1
540 0.4
T6.8 540 0.4 T15.2
539 0.4
T6.9 539 0.4 T15.3
T7.1 540 0.4 Lotus cyanidin
540 0.4
T7.7 540 0.4 standard
T7.12 539 0.4
T8.6 540 0.4
T8.7 539 0.4
T8.8 540 0.4
T9.2 539 0.4
T9.5 540 0.4
T9.11 540 0.4
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b) Anthocyanin Anux and Rf in white clover.
Cyanidin Delphinidin
Clover (Construct) Amax Rf Anux Rf
CL2 540 0.4 548 0.2
C2.1 539 0.4 547 0.2
C2.4 540 0.4 548 0.2
C2.6 540 0.4 548 0.2
C2.12 540 0.4 548 0.2
C3.1 539 0.4 547 0.2
C3.7 540 0.4 547 0.2
C3.8 540 0.4 547 0.2
C3.9 539 0.4 547 0.2
C3.10 540 0.4 548 0.2
C3.12 540 0.4 548 0.2
»
C4.2 539 0.4 548 0.2
C4.3 540 0.4 547 0.2
C5.2 540 0.4 548 0.2
C5.3 539 0.4 547 0.2
C6.1 540 0.4 547 0.2
C6.2 540 0.4 548 0.2
C6.4 539 0.4 547 0.2
C6.5 540 0.4 547 0.2
C8.2 540 0.4 548 0.2<
C8.3 539 0.4 548 0.2
C10.1 540 0.4 547 0.2
C10.5 540 0.4
C10.6 540 0.4 548 0.2
C10.8 539 0.4 548 0.2
C12.2 540 0.4 548 0.2
Lotus standard 540 0.4 547 0.2
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